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I have lately been especially attending to Geograph. Distrib, & most splendid sport it is,
—a grand game of chess with the world for a Board.
—C. Darwin
Letter to C.J.F. Bunbury, 21 April 1856
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ABSTRACT
The factors that influence how species form is of fundamental interest to biology. Under
the framework of the speciation cycle, the process begins by population subdivision creating
structured populations that then diverge until two new species form. Following speciation,
however, continued divergence is necessary for these new species to be able to coexist without
adverse interactions, known as the transition to secondary sympatry. At this point the
speciation cycle is complete and the process can begin anew. Many of the factors influencing
these processes remain poorly understood. Here, I explore the factors that influence speciation
and community assembly in Neotropical birds, at three stages of the speciation cycle. First, I use
genome-wide molecular data to estimate relationships between species and populations in a
poorly known genus of Neotropical birds, the Epinecrophylla antwrens (Aves: Thamnophilidae).
I uncovered novel phylogenetic relationships and proposed a revised taxonomic treatment for
the group. Next, I use comprehensive population sampling and genome-wide molecular
markers to ask whether habitat association predicts population genetic structure, a proxy for
dispersal ability, across 66 species. I found strong support for this relationship, and showed that
habitat association, especially proximity to dynamic riverine environments, decreases
population genetic structure. Finally, I compiled and analyzed species-level genetic,
distributional, and morphological data from over a thousand bird species to ask how long it
takes for the transition to secondary sympatry to occur, and which traits mediate that process. I
found that secondary sympatry following speciation is extremely protracted and is influenced
by many morphological traits depending on the scale of sympatry and avian family.
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CHAPTER 1. INTRODUCTION
Recent advances in sequencing and bioinformatics technologies have revolutionized the
study of phylogenetics and phylogeography in non-model organisms (Bejerano et al. 2004,
Schendure and Ji 2008, Faircloth et al. 2012, Edwards et al. 2015). In birds, these advances have
allowed for the estimation of phylogenetic relationships between most species (Jarvis et al.
2014, Prum et al. 2015), and collaborative enterprises seek to sequence the genomes of all bird
species in the near future (Feng et al. 2020, Bravo et al. 2021). This foundational knowledge
opens the door to questions that were until recently methodologically untenable. Now that
species-level phylogenetic relationships are largely resolved for many avian clades, and will
likely soon be resolved for all birds, these same methods can be applied to intraspecific (i.e.
population-level) questions. For example: “do morphologically defined subspecific taxa
recapitulate phylogenetic relationships, and if so, for which genes?” or, “is there cryptic
intraspecific genetic diversity not apparent from morphology-based classifications?”. Although
population genetics in non-model organisms has a long and illustrious history, a recent
explosion in such intraspecific phylogenetic studies exemplifies the new possible avenues of
research (Oswald et al. 2016, Musher and Cracraft 2018).
Not only do these new tools allow for in-depth population-level analyses, the ease of
DNA sequencing also allows for large-scale comparative studies of many species sampled at the
population level. These studies seek to explain how population-level processes translate to
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broader scale patterns of biological diversity, and how species respond to shared biotic
conditions. Recent work has shown that the habitat in which a species occurs is correlated with
the degree of genetic variation within that species (Harvey et al. 2017c), and that this
intraspecific genetic variation can affect the long-term evolutionary trajectory of a species
(Harvey et al. 2017a).
These fields of research can be couched in the concept of the speciation cycle (Figure
1.1; Tobias et al. 2020), which describes in a simplified framework the process by which new
species form and species-richness accumulates. In this stepwise, iterative process, a species
first subdivides into two nascent populations, which then undergo population divergence and
reproductive isolation during a prolonged period of geographic isolation. These first steps of the
cycle constitute allopatric speciation, i.e. speciation in geographically distinct regions (Price
2008) and are often studied through the lens of population genetics, phylogenetics, and
systematics. At this point, populations either go extinct (likely a common outcome; Rosenblum
et al. (2012)), continue to speciate in allopatry, or return to secondary contact prior to the
formation of complete reproductive barriers. If secondary contact occurs at this stage, prior to
the completion of speciation, gene flow may still occur, and species frequently form hybrid
zones (Ottenburghs et al. 2017). At this stage of secondary contact, species may either collapse
back into one species if gene flow is rampant, or if reproductive isolation is incomplete may
continue to speciate by diverging in traits that minimize gene flow, a process termed
reproductive character displacement (Hutchinson 1959, Dayan and Simberloff 2005).
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Figure 1.1. The speciation cycle in birds. This concept describes the steps necessary for an
ancestral species to diverge into multiple species, and the possible routes back to cooccurrence such that the cycle may start anew. My three dissertation chapters investigate
distinct intermediate steps along this cycle, labeled in this figure in circles as chapters
number 2, 3, and 4. Figure adapted from Tobias et al. 2020.
Alternatively, if reproductive isolation is complete, more extensive sympatry may be mediated
by traits related to the utilization of niche space, so further trait divergence would in this
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scenario be controlled by ecological character displacement. If species continue in allopatry, the
transition back to secondary contact may instead be controlled by ecological sorting, or
divergence in niche space while in allopatry. The above scenarios describe the processes by
which species diverge to the point that the two can coexist without negative interactions, and
thus the speciation cycle completes and the two new species start the speciation cycle anew.
These latter stages, especially if analyzed across multiple species, are often studied through the
lens of macroevolution, macroecology, and community ecology.
Moving beyond the estimation of phylogenetic relationships, the phylogenetic trees
resulting from these studies provide the foundation for asking broader questions in ecology and
macroevolution (Tobias et al. 2020). Research in the community assembly of avian systems has
benefited from these newly resolved phylogenetic relationships, by being able to reliably
disentangle the question at hand from the potentially confounding phylogenetic relatedness, or
clade-level effects (Pavoine and Bonsall 2011). This joining of the fields of ecology and
phylogenetics in a shared framework allows for a richer understanding of processes that
underlie the formation of ecological communities (Pavoine and Bonsall 2011).
In my three research chapters, I combine massively parallel DNA sequencing and
bioinformatics techniques and population level genetic sampling from a wide variety of
Neotropical bird species to answer questions at three evolutionary scales across the speciation
cycle. In the second chapter, I explore intra-specific patterns in a genus with a convoluted
taxonomic history, asking if morphological classifications accurately predict genetic
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relationships, and provide a taxonomic revision. In the third chapter, I employ population-level
genetic sampling for a wide selection of species to ask if dispersal ability influences the amount
of population genetic structure. In the fourth chapter, I collate species-level morphological trait
data for a clade of 1,323 Neotropical birds for which a well-resolved phylogeny exists, and ask
three questions: 1) How long does it take species to come back into secondary sympatry? 2)
Does that waiting time differ between comparisons that are syntopic or allotopic? and 3) Which
morphological traits must diverge so that these species can co-occur?
Throughout my dissertation, my research makes extensive use of natural history
museum collections. These collections contain valuable and extensive repositories of specimen
samples for many bird species. The modern specimens housed in these collections include
associated tissue samples, which permits researchers to directly link genotype and phenotype
for the same individuals, with repeatability. These specimen repositories are libraries of
biodiversity that provide for rich morphological annotations to phylogenetic studies.
The chapters of my dissertation combine modern phylogenetic, population genetic, and
macroevolutionary techniques, with a basis in museum specimen collections, to make
significant inroads into understanding the processes that give rise to the species and patterns of
avian diversity that we see today.
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CHAPTER 2. SYSTEMATICS OF A NEOTROPICAL CLADE
OF DEAD-LEAF-FORAGING ANTWRENS
(AVES: THAMNOPHILIDAE; EPINECROPHYLLA)
INTRODUCTION
The stipple-throated antwrens of the genus Epinecrophylla (Isler et al. 2006; Aves:
Thamnophilidae) are represented by 21 currently recognized taxa, eight of which are
considered species (E. fulviventris, E. ornata, E. erythrura, E. leucophthalma, E. gutturalis, E.
amazonica, E. spodionota, and E. haematonota). These species are primarily found in the
lowlands of the Amazon Basin and the Guiana Shield, with one (E. fulviventris) found west of
the Andes from Ecuador to Honduras (Clements et al. 2019, Zimmer and Isler 2003). All species
are small, insectivorous dead-leaf foraging specialists, typically found in pairs or small family
groups in tropical upland forest, and regularly attend mixed-species flocks (Remsen and Parker
1984, Rosenberg 1997, Wiley 1971). The genus reaches its greatest diversity in the western
Amazon Basin, with up to three species broadly co-occurring in most regions, despite similar
plumage and foraging behavior between species (Remsen and Parker 1984, Rosenberg 1997,
Zimmer and Isler 2003).
Multiple attempts have been made to resolve relationships within the genus with
molecular data, using increasing numbers of loci and individuals (Hackett and Rosenberg 1990,
____________
This chapter was previously published as Johnson, O., J.T. Howard, and R.T. Brumfield. 2020.
Systematics of a Neotropical clade of dead-leaf-foraging antwrens (Aves: Thamnophilidae;
Epinecrophylla). Molecular Phylogenetics and Evolution 154: 106962
http://doi.org/10.1016/j.ympev.2020.106962. Reprinted by permission of Elsevier, Inc.

6

Harvey et al. 2020, Whitney et al. 2013). Long considered to be in the genus Myrmotherula,
early molecular work using protein electrophoresis provided the first indication that the stipplethroated antwren complex was not a close relative of other Myrmotherula antwrens (Hackett
and Rosenberg 1990). This was further supported with Sanger sequencing of mitochondrial and
nuclear loci (Bravo et al. 2014, Brumfield et al. 2007, Irestedt et al. 2004), with these studies
finding that Epinecrophylla was most closely related to bushbirds in the genera Neoctantes and
Clytoctantes. This work led to the naming of a new genus for the group, Epinecrophylla (Isler et
al. 2006), with E. haematonota as the type species. Some authorities changed the English
common names of the Epinecrophylla species from antwrens to stipplethroats (Clements et al.
2019, Remsen et al. 2019) to reflect this taxonomic rearrangement.
Taxonomic history
The species-level taxonomy of the genus has undergone considerable rearrangement
through history (Cory and Hellmayr 1924, Isler and Whitney 2018, Peters 1951, Whitney et al.
2013, Zimmer 1932a, 1932b), particularly in the haematonota and leucophthalma groups. Early
authors (e.g. Cory and Hellmayr 1924) considered E. haematonota to include as subspecies the
taxa pyrrhonota and amazonica and placed both spodionota and sororia as subspecies of E.
leucophthalma, largely based on back color (rufous in the former three taxa, brown in the latter
three). Using this same reasoning, Todd (1927), when describing the rufous-backed form
phaeonota treated it as a subspecies of E. haematonota, but incongruously considered the
rufous-backed E. amazonica a species distinct from all other forms. Zimmer (1932a), however,
noted that back color may not be a valid species-level character and citing other morphological
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characters (primarily the shape of the pale spots on the wing coverts) transferred amazonica,
spodionota, and sororia to E. haematonota, and phaeonota to E. leucophthalma. Zimmer
(1932a) suggested the possibility of species rank for the rufous-backed taxon phaeonota, but
also noted intermediate individuals between it and the adjacent brown-backed taxa
leucophthalma and sordida. This treatment was maintained by most authors (e.g. Meyer de
Schauensee 1970, Peters 1951) until Parker and Remsen (1987) recognized E. spodionota
(including sororia) of the Andean foothills as a separate species. This taxonomic treatment was
augmented by the recent discovery of two range-restricted taxa in the group, each described as
a new species; E. fjeldsaai of eastern Ecuador and far northern Peru (Krabbe et al. 1999), and E.
dentei of the Aripuanã-Machado region of Brazil (Whitney et al. 2013). In describing E. dentei,
Whitney et al. (2013) also estimated a mitochondrial phylogeny of the genus, including samples
of most taxa, in which they found fjeldsaai was phylogenetically embedded within
haematonota. Based on the work of Whitney et al. (2013) and the mitochondrial distances
between taxa, Remsen et al. (2019) separated E. haematonota into four species: E. fjeldsaai
(based on morphological differences), E. pyrrhonota, E. haematonota, and E. amazonica
(including dentei), whereas other authors united pyrrhonota, amazonica, and dentei under E.
haematonota while maintaining E. fjeldsaai as a distinct species (Dickinson and Christidis,
2014). Since then, Isler and Whitney (2018) conducted a thorough analysis of the vocalizations
of haematonota, fjeldsaai, and pyrrhonota in which they found no vocal differences among the
three taxa, leading to the recognition of the latter two taxa as subspecies of the former
(Remsen et al. 2019).
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Within E. ornata, the gray-backed Peruvian taxon atrogularis was long considered a
separate species, leaving the rufous-backed forms saturata and hoffmannsi as subspecies of E.
ornata (Cory and Hellmayr 1924). This treatment was maintained until Zimmer (1932b)
described the gray-backed meridionalis as a subspecies and united all five taxa in the group
under the species E. ornata. This is the current treatment of most recent authors (Clements et
al. 2019, Dickinson and Christidis 2014, Remsen et al. 2019), although del Hoyo et al. (2019)
consider E. hoffmannsi a species separate from the rest of E. ornata based primarily on the
unique female plumage and minor vocal differences.
The taxonomy of the remaining species in the genus has been more stable through time,
with the three other species E. fulviventris, E. gutturalis, and E. erythrura, all largely considered
independent species by most authors. E. erythrura and E. leucophthalma are currently
considered polytypic, while the four taxa described in E. fulviventris are generally considered
synonyms of the nominate subspecies (Cory and Hellmayr 1924, Zimmer and Isler 2003).
Much of the previous molecular phylogenetic work in Epinecrophylla has relied upon
mitochondrial sequence data, although a recent phylogenomic study of all suboscine passerine
birds using sequence capture of ultraconserved elements (UCEs) included 1-2 samples of each
species of Epinecrophylla and recovered a well-resolved topology for the genus (Harvey et al.
2020). Here I expand on the previous genetic work in the genus, addressing the systematics of
the group with population-level sampling of most taxa, and both next-generation sequencing of
thousands of nuclear loci and draft mitochondrial genomes. I follow the taxonomy of the South
American Classification Committee (Remsen et al. 2019) and make taxonomic
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recommendations in light of the Biological Species Concept (Mayr 1942) in its modern form,
namely that “species are groups of interbreeding natural populations that are reproductively
isolated from other such groups” (de Queiroz 2007, Mayr 1996). I opt for a genetic yardstick
approach in this study due to the lack of morphological data or detailed genetic studies of
hybrid zones in the group. I use genetic distances and the presence or absence of admixed
genotypes of known species (assessed via lack of interbreeding in sympatry) to assess the
species status of allopatric taxa. Epinecrophylla provide a unique system in which to study
speciation in the Amazon Basin due to their high species diversity, documented phenotypic
hybrid zones, and multiple broadly sympatric species. My expanded sampling of both
individuals and loci provides the most in-depth view of the evolutionary history, species limits,
population structure, and introgression between taxa in this group.
METHODS
Sampling
I obtained a total of 66 Epinecrophylla representing 18 of the 21 widely recognized taxa
in the genus and all currently recognized species. Missing ingroup taxa are E. o. ornata, E. o.
saturata, and E. leucophthalma dissita. The three outgroup species I used were Myrmorchilus
strigilatus, Neoctantes niger, and Clytoctantes atrogularis. When available, I obtained samples
from across the geographic range of each Epinecrophylla taxon, with one sample chosen per
geographic locality. Fifty-three tissue samples were obtained from vouchered specimens
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housed at museums in the United States (Table A.1), with sequence data for the remaining 16
samples obtained from Harvey et al. (2020; Figure 2.1).
I extracted total DNA from the 53 tissue samples using ca. 25 milligrams (mg) of pectoral
muscle with a Qiagen DNeasy Blood and Tissue Kit (Qiagen; Hilden, Germany) and quantified
DNA concentration using a Qubit 2.0 fluorometer (Life Technologies Corporation; Carlsbad, CA).
Samples were standardized to 10 nanograms/microliter (ng/uL). I then sheared samples to
approximately 600 base pair (bp) fragments with an Episonic 1100 bioprocessor (EpiGentek;
Farmingdale, NY) and assessed fragment length using a High Sensitivity DNA Assay on an Agilent
2100 Bioanalyzer (Agilent Technologies; Santa Clara, CA). I generated DNA libraries using a
KAPA Biosystems Hyper Prep kit (Wilmington, Massachusetts, USA) and enriched UCEs using a
set of 5,742 probes that target 5,060 loci in vertebrates (“Tetrapods-UCE-5Kv1”; uce-5kprobes.fasta) following the protocol of Faircloth et al. (2012). Enriched samples were pooled at
equimolar ratios and paired-end sequencing was conducted on one lane of a HiSeq 3000
sequencer at Oklahoma Medical Research Foundation Clinical Genomics Center (OMRF;
Oklahoma City, Oklahoma, USA). The sequencing lane contained DNA libraries used in other
projects. The 16 samples obtained from Harvey et al. (2020) were enriched using a custom
probe set consisting of 2,500 vertebrate UCEs and 96 exons.
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Contig assembly
OMRF demultiplexed sequence reads using custom scripts. I trimmed raw reads of
adapter contamination and low-quality bases using illumiprocessor (Faircloth 2013) and
trimmomatic (Bolger et al. 2014) with default settings. I then subsampled all read files to 2
million reads per individual to decrease computation time for contig assembly and to normalize
assemblies across samples. Read data were assembled with Itero (https://github.com/fairclothlab/itero). Because samples were sequenced with two different probe sets, I opted to match
contigs to the “Tetrapods-UCE-2.5Kv1” (uce-2.5k-probes.fasta) probe set which consists of
2,560 baits targeting 2,386 UCE loci, and is a subset of the other probe sets used in sequencing.
For the samples sequenced with the “Tetrapods-UCE-5Kv1” probe set, I separately matched
assembled contigs to this probe set.
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Figure 2.1. Maps showing taxon distributions, type localities, and sample localities used in
this study. A) Epinecrophylla fulviventris and ornata. B) E. erythrura and leucophthalma. C) E.
gutturalis, pyrrhonota, dentei, amazonica, spodionota, haematonota, and fjeldsaai. Country
boundaries are shown in black. Major rivers are shown in blue. Locations sampled for this
study are indicated with a number, corresponding to sample information in Table 1. Type
localities, shown with a star, are based on Peters (1951) or type descriptions. Hashed regions
indicate range overlap. Inset for each map shows a cladogram of relationships between each
taxon based on the trees in Figure 2 and Figure S1A. The taxa that we were unable to sample
in this study are included in the distribution maps and legend, but are not included in the
reference cladogram. The species distributions illustrated here are based on published
information (Clements et al. 2019, Cory and Hellmayr 1924, del Hoyo et al. 2019, Dickinson
and Christidis 2014, Krabbe et al. 1999, Meyer de Schauensee 2018, Peters 1951,
Schulenberg et al. 2007, Whitney et al. 2013, Zimmer 1932a, 1932b, Zimmer and Isler 2003),
museum specimen records (LSUMNS specimens and Marco Rego pers. comm.), photosupported occurrence records in citizen science databases (eBird, WikiAves), and the genetic
results presented here.
(figure cont’d.)
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(figure cont’d.)
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Sample identification and locus filtering
To confirm the identifications of samples I used the Phyluce 1.6.7 (Faircloth 2015) tool
match_contigs_to_barcodes to match contigs from each sample to a mitochondrial Cytochrome
c oxidase subunit I (COI) barcode sequence of E. pyrrhonota obtained from GenBank
(JN801852.1) and map those contigs against the Barcode of Life Database (BOLD; Ratnasingham
and Hebert 2007). I then used the Phyluce 1.6.7 (Faircloth 2015) tool get_trinity_coverage to
calculate per-locus read coverage for all contigs matching either UCE and mitochondrial loci.
Three samples contained mitochondrial loci with high coverage (>30x) that matched the
incorrect species in BOLD, suggesting either sample misidentification or high levels of
contamination, and were eliminated from my dataset (Table S1). Nine additional samples
contained high-coverage mitochondrial contigs matching the expected species in BOLD, but
with a small number of low-coverage mitochondrial contigs matching the incorrect species. I
used the maximum coverage of 8.05x of these potentially contaminated low-coverage
mitochondrial contigs as a filter and removed all UCE contigs across all samples that had an
average read depth below this threshold.
Mitochondrial genome assembly
I used off-target reads from the UCE sequencing to assemble draft mitochondrial
genomes. I assembled mitochondrial genomes in MITObim 1.9 (Hanh et al. 2013), which is a
Perl wrapper for MIRA 4.0.2 (Chevreux et al. 1999), using as a reference the complete
mitochondrial genome of Myrmoderus loricatus (G. Bravo, unpublished data) and the --quick
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option. I annotated the assembled mitochondrial genomes using the MITOchondrial genome
annotation Server (MITOS) 2 (Bernt et al. 2013) and aligned the 13 mitochondrial protein
coding genes in MAFFT (Katoh et al. 2002) implemented in Geneious 10.2.3
(https://www.geneious.com) to create a final partitioned draft mitogenome alignment.
Nuclear locus phasing, alignment, and SNP calling
To phase UCE loci I selected as a reference the individual from my sampling that
contained the greatest number of UCE loci after filtering; E. leucophthalma LSUMNS 42670. I
phased UCE loci using the seqcap_pop pipeline (https://github.com/mgharvey/seqcap_pop;
Faircloth 2015, Harvey et al. 2016) to obtain a Single Nucleotide Polymorphism (SNP) dataset
and followed Andermann et al. (2019) to obtain phased alignments. The seqcap_pop pipeline
utilizes tools from the Phyluce package (Faircloth 2015), SAMtools 0.1.19 (Li et al. 2009), Picard
(Broad Institute, Cambridge, MA), BWA 0.7.17 (Li and Durbin 2009), and GATK 3.3.0 (McKenna
et al. 2010) to process next-generation sequence data for population-level genetic analyses.
Briefly, seqcap_pop maps sequencing reads to the reference individual to obtain a pileup, adds
read groups and marks PCR duplicate reads for each individual, merges bam files within each
species, calls indels and SNPs on merged bam files, and phases high-quality indels and SNPs to
produce vcf files of phased SNPs. I further filtered this dataset using vcftools 0.1.16 (Danecek et
al. 2011) to remove SNPs with quality scores less than 30 and read depth less than 5.5, those
with greater than 75% missing data, restricted to bi-allelic loci, and removed indels. I refer to
this dataset as the “linked SNP dataset”, as it contains multiple SNPs per locus. I then sampled
at random one SNP per UCE locus to obtain a final dataset of putatively unlinked SNPs, which I
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refer to as the “unlinked SNP dataset”. To obtain phased alignments I used Phyluce 1.6.7
(Faircloth 2015) to phase UCE loci following Andermann et al. (2019), phasing data by mapping
reads against the reference individual using the Phyluce tools snp_bwa_align and
snp_phase_uces. This pipeline maps raw reads against contigs of a reference individual using
BWA 0.7.17 (Li and Durbin 2009), and then sorts and phases alleles in SAMtools 0.1.19 (Li and
Durbin 2009) and Picard (Broad Institute, Cambridge, MA). I used MAFFT 7.130b (Katoh and
Standley 2013) in the Phyluce tool align_seqcap_align to align and edge-trim the contigs output
by this pipeline, treating the two alleles as separate individuals and allowing ambiguous sites in
alignments. I produced a final alignment using the Phyluce 1.6.7 (Faircloth 2015) tool
get_only_loci_with_min_taxa to produce a 75% complete data matrix. This tool calculates the
data matrix completeness as the percentage of individuals in the dataset with sequence data
for each locus.
To investigate fine-scale patterns of population structure within each species I called
SNPs within each species or species complex to obtain an additional six SNP datasets. I grouped
samples based on the clades in the ExaBayes phylogeny estimated from the 75% complete UCE
data matrix (see section 2.6 and Figure 2). Three clades corresponded to species (E. ornata, E.
leucophthalma, and E. gutturalis) and a fourth to a set of closely related taxa that have
undergone considerable taxonomic rearrangement through history (dentei, amazonica,
spodionota, sororia, pyrrhonota, haematonota, and fjeldsaai). This latter clade is hereafter
referred to as the “haematonota s.l.” clade. Although E. gutturalis is part of the haematonota
s.l. clade, I analyze the population genetic data separately due to the relatively deep genetic
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split of E. gutturalis from the rest of the clade. Within the haematonota s.l. clade I additionally
subdivided taxa into two clades for SNP calling: one containing dentei, amazonica, spodionota,
and sororia (hereafter the “amazonica/spodionota” clade), and the other containing
pyrrhonota, haematonota, and fjeldsaai (hereafter the “haematonota/pyrrhonota” clade). For
each dataset I selected as a reference the individual with the highest number of assembled
contigs after filtering (Table A.4) and repeated the seqcap_pop pipeline described above.
Phylogenetic estimation
From the 2,386-locus UCE dataset I estimated a phylogenetic tree with all samples using
a Bayesian analysis in ExaBayes 1.5 (Aberer et al. 2014) using the 75% complete concatenated
phased alignment. I conducted 4 independent runs for 2 million generations each, discarding
the first 25% of trees as burn-in. After checking in Tracer 1.7.1 (Rambaut et al. 2018) that
samples had converged based on ESS values greater than 200, I generated an extended
majority-rule consensus tree using the topologies from the four independent runs.
No fossils are available for Epinecrophylla or its close relatives to allow for a fossil
calibration of my phylogenetic tree, but a phylogenetic analysis of all suboscine passerines
(Harvey et al. 2020) utilized multiple fossil calibrations across passerine birds to date their
phylogeny, which included samples of Epinecrophylla. From that study I obtained the estimate
for the crown age of Epinecrophylla (9.28 mega-annum [Ma], 95% CI: 8.60–11.07 Ma) and the
divergence times between Epinecrophylla and my two outgroup taxa Neoctantes niger (13.83
Ma, 95% CI: 12.62–16.22 Ma) and Myrmorchilus strigilatus (14.90 Ma, 95% CI: 13.67–17.54
Ma). I used these three date estimates as calibrations to date my phylogenetic tree in treePL
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(Smith and O’Meara 2012), which uses penalized likelihood to obtain divergence date estimates
for large phylogenies. I ran the treePL analysis using the tree estimated in ExaBayes from the
75% complete dataset, selecting one allele per individual. I set an initial smoothing parameter
of 100 and estimated the best optimization parameters with the prime function. I used the
random subsample and replicate cross-validation function to estimate the optimal smoothing
parameter, and then ran the analysis until convergence with this smoothing parameter. I
visualized the resulting tree in FigTree 1.4.4 (Rambaut 2009).
Because absolute rates of mitochondrial sequence evolution (the “mitochondrial clock”)
are better understood than those of UCE loci, I also estimated a time-calibrated phylogenetic
tree in BEAST 2.5.2 (Bouckaert et al. 2019) with my draft mitochondrial genome sequence data
and widely used mitochondrial substitution rates. For each of the 13 protein-coding
mitochondrial genes I estimated the best model of rate variation in PartitionFinder 2.1.1
(Lanfear et al. 2016), applied these site models to each gene, and linked tree models across
partitions. I utilized a mutation rate of 0.01105 substitutions/site/million years (with a standard
deviation of 0.0034) for the mitochondrial Cytochrome b (cyt b) gene, based on fossil
calibrations in birds (Weir and Schluter 2008) that has been used in suboscine birds (SousaNeves et al. 2013). A gamma-distributed uncorrelated log-normal relaxed clock was set on the
cyt b mutation rate, and mutation rates for other genes were calculated relative to the cyt b
rate. I implemented a birth-death model, with uniform priors of 1 on the birth rate and 0.5 on
the death rate, and the same divergence-time prior used in the treePL analysis for the crown
age of Epinecrophylla. I placed uniform priors of 1 on eighteen transition and transversion rates
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that failed to converge in initial BEAST runs, and default priors for the remainder. I ran the
analysis for 250 million generations, sampling every 25,000 generations, with a burn-in of 10%,
and checked that runs converged in Tracer 1.7.1 (Rambaut et al. 2018) based on ESS values over
200. Two independent runs were combined in LogCombiner 2.5.2, and from the posterior of
trees I calculated a maximum clade credibility (MCC) tree in TreeAnnotator 2.5.1, both
implemented in Beast 2.5.2 (Bouckaert et al. 2019). I visualized the resulting tree in FigTree
1.4.4 (Rambaut 2009).
I used SNAPP 1.4.2 (Bryant et al. 2012) implemented in BEAST 2.5.2 (Bouckaert et al.
2019) to calculate a species tree directly from SNP data in a full-coalescent analysis without an
outgroup. This site-based method has the advantage of bypassing gene tree estimation and
minimizing error due to the low information content of individual UCE loci. SNAPP requires that
all samples have data at each locus and that samples be assigned to “species” (i.e. tips), so I
employed two sample- and individual-filtering strategies. In both cases I selected from each
clade the two individuals (where available) that had the greatest number of UCE loci recovered
in order to maximize the number of loci for the SNAPP analyses. In the first analysis I treated as
tips each of the clades identified in the ExaBayes 75% phylogeny (Figure 2) and in the second I
treated as tips each widely recognized species in the genus. After selecting individuals for each
analysis, I called SNPs following the seqcap_pop and SNP filtering pipeline described above, and
selected at random one SNP per locus to minimize linkage biases. For each analysis I assigned
individuals to population in BEAUti, implemented in BEAST 2.5.2 (Bouckaert et al. 2019), and
estimated the mutation rates from the data. Based on the tree height of the ExaBayes 75%
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phylogeny (Figure S1A) of 0.009 substitutions/site I applied a gamma-distributed prior on the
speciation rate (λ = 193, α = 2, β = 250), and from the average sequence divergence of E.
gutturalis (0.008%) I applied a gamma-distributed prior on the expected divergence (θ: α = 2, β
= 250). I ran all analyses for 2 million generations, storing every 1,000 generations, and a burnin of 10%, and checked that runs converged in Tracer 1.7.1 (Rambaut et al. 2018) based on ESS
values over 200. For each analysis, two independent runs were combined in LogCombiner
implemented in BEAST 2.5.2 (Bouckaert et al. 2019), and from the posterior of species trees I
calculated an MCC tree in TreeAnnotator 2.5.1 implemented in BEAST 2.5.2 (Bouckaert et al.
2019). I used DensiTree 2.0.1 (Bouckaert 2010) to visualize the posterior tree set of the
combined SNAPP runs and FigTree 1.4.4 (Rambaut 2009) to visualize the MCC trees. My results
from both of these SNAPP analyses showed considerable uncertainty regarding the placement
of pyrrhonota, haematonota, and fjeldsaai, so I conducted a third SNAPP analysis in which I
restricted my sampling to only the taxa in the haematonota group (i.e. those three taxa plus
gutturalis, spodionota, sororia, amazonica, and dentei). With this reduced sampling I called
SNPs again and ran a SNAPP analysis using the methods described above, changing only the
priors on the speciation rate (λ = 193, α = 2, β = 550) and the expected divergence (α = 2, β =
550) due to the lower tree height of 0.0036 substitutions/site.
In addition to the analyses outlined above, I conducted a variety of phylogenetic
analyses, each with its own assumptions, strengths, and weaknesses relative to treating sources
of phylogenetic variation. Details and results for these analyses are available in Appendix A.
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Population genetics and introgression
In addition to my phylogenetic analyses, I utilized my SNP datasets to investigate
patterns of population-level genetic structure and also introgression within and between
clades. I used STRUCTURE (Pritchard et al. 2000) and Discriminant Analysis of Principal
Components (DAPC) to analyze patterns of population structure within each clade, and
implemented each analysis on all six clade-level SNP datasets described in section 2.5. For
STRUCTURE I analyzed the linked SNP datasets and implemented the linked model, providing
the distance in base pairs between SNPs within each locus, and ran each analysis for 2 million
generations, discarding the first 50,000 as burn-in. I ran 10 replicate analyses for each value of K
from one to 10, or until the likelihood value of K decreased drastically. I selected the best K
value based on the ΔK method of Evanno (Evanno et al. 2005), implemented in STRUCTURE
HARVESTER (Earl and vonHoldt 2012). DAPC uses sequential k-means clustering of principal
components to infer the number of genetic clusters in a dataset. I conducted a DAPC analysis in
adegenet (Jombart and Ahmed, 2011), following the recommendations of Jombart et al. (2010),
and selected the best number of clusters based on the lowest Bayesian Information Criterion
(BIC) score. In addition, I conducted a Principal Components Analysis (PCA) analysis, with
samples coded by DAPC group assignments. Although BIC scores for the haematonota s.l. clade
indicated that K values greater than 2 had a worse fit to the data than K=2, I calculated DAPC
group assignments for K values from 3–5 to investigate finer-scale patterns of population
structure, due to the greater number of described taxa in this clade.
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Pairwise sequence divergence is frequently used to estimate the genetic distinctiveness
of bird taxa and to assess taxonomic rank. To this end I calculated pairwise distance estimates
between all taxa in the genus using both the mitochondrial and nuclear DNA data. For the
mitochondrial distances I used a concatenated alignment of the 13 mitochondrial proteincoding genes and report genetic distances accounting for multiple substitutions and as the
uncorrected p-distance. On a neighbor-joining tree reconstructed from the raw p-distance
matrix in PAUP* 4.0 (Swofford 1999), I estimated the proportion of invariant sites (0.590355)
and the gamma shape parameter (1.82626). These values were then fixed for calculations of a
distance matrix under the GTR + γ + I finite-sites substitution model. For the nuclear data I
estimated the weighted fixation index (Fst) between each pair of taxa using the method of Weir
and Cockerham (1984) implemented in vcftools 0.1.16 (Danecek et al. 2011) using the unlinked
SNP dataset. For all calculations I also report the average within-taxon distance estimates as a
measure of intra-specific genetic structure.
RESULTS
Sequencing results and sample identification
Illumina sequencing of UCEs resulted in an average of 3.8 million reads per individual,
and an average read length of 130 bp after trimming. After removing potentially contaminated
or misidentified samples, my dataset contained 63 Epinecrophylla samples and two outgroups.
Including the three potentially contaminated Epinecrophylla samples (based on BOLD results) in
a phylogenetic tree estimated in RAxML 8.2.12 (Stamatakis 2014), two grouped with the correct
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taxon but sat on abnormally long terminal branches, suggesting contamination, and a third
grouped with the outgroup samples, suggesting sample misidentification (Table A.2). After
assembly and locus filtering I obtained an average of 2,195 UCE loci per sample (range 1,234–
2,306 loci), with a mean locus length of 652 bp (range 234–1,283 bp) and mean read depth of
UCE loci of 22.5x (SD: 43.0x). Missing data had a strong effect on the number of UCE loci
retained in the alignment, and the alignment that included no missing data contained 330 UCE
loci and was not analyzed further. The 95% complete phased alignment contained 1,659 UCE
loci and an aligned matrix of 1,140,275 bp, and the 75% complete phased alignment contained
2,149 UCE loci and an aligned matrix of 1,401,699 bp.
I obtained partial or complete mitochondrial genomes for 59 ingroup samples and two
outgroups, including at least one sample per Epinecrophylla species (Table A.3). Three samples,
including one of the outgroups, contained greater than 40% missing data and were removed
from the analysis (Table A.3). The average mitochondrial genome size was 17,253 bp (range
16,017–17, 930 bp) and had a mean read depth of 304.4x (SD: 780.0x). The aligned dataset of
56 individuals using the 13 mitochondrial protein-coding genes was 11,488 bp in length (range
9,921–11,396 bp) and contained 4.8% missing data.
Phylogenetic estimation
From the nuclear UCE data, I recovered a phylogeny with strong support for
relationships among taxa (Figure 2.2, Figure 2.3). The deepest split in the tree occurred across
the Andes, dividing E. fulviventris from the remainder of the genus (Figure 2.1A, Figure 2.2A).
Although my sampling included just two samples of E. fulviventris, one of which (sample #1) is
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from a population occasionally separated as the subspecies costaricensis (del Hoyo et al. 2019,
Todd 1927), my phylogenies indicated a relatively shallow divergence between the two
samples. The next split separated E. ornata from the remaining taxa (Figure 2.1A, Figure 2.2A).
Although I lacked samples for two taxa within this species (saturata and nominate ornata), the
two parapatric gray-backed taxa occurring in Peru (meridionalis and atrogularis) were
recovered as non-sister lineages, with the southern meridionalis sister to the rufous-backed
hoffmannsi of eastern Brazil, and atrogularis sister to those two. The next split contained the
sister species E. erythrura and E. leucophthalma, which together are sister to the remaining
taxa in the genus (Figure 2.1B, Figure 2.2A). These two species (E. erythrura and E.
leucophthalma) are reciprocally monophyletic, but within E. leucophthalma I recovered the
nominate subspecies as paraphyletic. Within this nominate subspecies of E. leucophthalma, the
western populations (samples #13–16) showed a deep divergence from the remainder of the
species. This final group is the haematonota s.l. clade, which contains eight largely parapatric
taxa (gutturalis, dentei, amazonica, spodionota, sororia, pyrrhonota, haematonota, and
fjeldsaai) that together range across the majority of the Amazon Basin (Figure 2.1C, Figure
2.2A). The Guiana Shield taxon E. gutturalis is sister to the rest of the taxa in this clade, but
contains minimal genetic structure in the phylogeny (Figure 2.2). The remaining taxa can be
divided into three groups with similar divergence times between them (Figure 2.2A). The first
group contains the southeastern Amazonian E. amazonica (including the subspecies dentei) and
the Andean foothill E. spodionota (including the subspecies sororia), the second is the
northwestern Amazonian taxon pyrrhonota, and the third is the western Amazonian E.
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haematonota (including the subspecies fjeldsaai). The taxon fjeldsaai was embedded within
haematonota in all analyses, thus rendering haematonota paraphyletic. My UCE phylogeny
placed pyrrhonota sister to haematonota, with amazonica and spodionota sister to those two.
Analyses of nuclear data with a variety of phylogenetic methods (Figure 2.3) largely supported
the above results. However, analysis of mitochondrial data (Figure 2.2B, Figure 2.4) and some
analyses of nuclear data (Figure 2.4) indicated support for two alternate topologies with regard
to the placement of these three clades, both of which indicated a non-sister relationship
between haematonota and pyrrhonota, though with varying degrees of node support. Aside
from these topological discordances, the mitochondrial and nuclear phylogenies were largely
concordant, albeit with lower node support in some parts of the mitochondrial phylogeny. The
mitochondrial phylogeny (Figure 2B) differed from the nuclear phylogeny in suggesting
paraphyly in both E. leucophthalma sordida and in the eastern clade of nominate
leucophthalma, monophyly of both subspecies of E. spodionota, and support for two recently
diverged clades each within E. haematonota. The two mitochondrial clades of E. haematonota
correspond to 1) samples south and east of the Rios Amazonas and Ucayali and 2) samples from
west of the Rio Ucayali and all samples of fjeldsaai. Both nuclear and mitochondrial analyses
showed two clades within pyrrhonota, which split one sample from west of the Rio Japurá from
those to the east of the river.
Date estimates of most nodes from UCE and mitochondrial data (Figure 2) were largely
concordant, suggesting that the four major clades of Epinecrophylla (fulviventris, ornata,
leucophthalma/erythrura, and haematonota s.l.) diverged in the late Miocene between 7–10
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(figure 2.2 caption on following page).
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Figure 2.2. Dated phylogenies estimated from UCE (A) and mitogenome (B) sequence
data. A) Topology estimated in Exabayes from the 75% complete phased concatenated
UCE data matrix and branch lengths optimized in treePL with date calibrations from
Harvey et al. (2020). See text for tree estimation methods. B) A dated phylogeny
estimated from a partitioned analysis of the 13 mitochondrial protein-coding genes in
BEAST 2.5.2 (Bouckaert et al. 2019), with nodes showing the 95% highest posterior density
of the divergence estimates. Note that some samples did not contain sufficient
mitochondrial data for analysis and are not included in this phylogeny. In both A and B, all
nodes received full support unless marked with a circle. Nodes with a white circle
with >0.50 posterior probability, nodes with a gray circle with >0.75 posterior probability,
and nodes with a black circle with >0.90 posterior probability. Nodes in the mitochondrial
phylogeny with a posterior probability <0.50 have been collapsed to a polytomy.
Outgroup samples have been removed for clarity. Colors and sample numbers correspond
to those in Figure 1. Illustrations (all of males) reproduced by permission of Lynx Edicions.
Taxa marked with an asterisk are not illustrated and are placed below the taxon they most
closely resemble in plumage.
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Figure 2.3. Species tree estimated in SNAPP from SNP data, with tips representing all named
taxa and divergent clades identified from the tree in Figure 2.2. A) The DensiTree
representation of the posterior distribution of species trees and B) the Maximum Clade
Credibility species tree. All nodes received full support unless marked with a circle. Nodes
with a posterior probability >0.95 are marked with a black circle, and the node marked with
a gray circle received a posterior probability of 0.49.

Ma, while most species-level divergences occurred in the Pliocene between 2–5 Ma. However,
intraspecific divergence estimates (i.e. more recent splits) in the mitochondrial phylogeny were
lower than those in the UCE phylogeny, and may be more reasonable date estimates given the
low information content of UCE loci and the population-level sampling in this project. Both
cases each of these three topologies comprised approximately equal proportions of the
posterior of species trees (range 19–53%). The three topologies recovered by SNAPP are those
shown in Figure 2.4, but the topology with the greatest support differed between analyses. The
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Figure 2.4. Alternate topologies recovered across phylogenetic methods for relationships
within the Epinecrophylla haematonota s.l. clade. Results are shown using a single individual
per taxon for visualization purposes. In all cases E. haematonota fjeldsaai was recovered as
embedded within E. h. haematonota and is not shown. The methods recovering each
topology are shown below the topology. SNAPP analyses recovered all three topologies
shown here (see text for details).
presence of these alternate topologies was reflected in low statistical support for these nodes
in the MCC phylogenies. The phylogeny estimated in SNAPP using samples from only taxa in the
haematonota s.l. clade recovered an MCC tree with very high statistical support and the
DensiTree representation of the posterior of species trees showed a single topology (Figure A.2)
that indicated a non-sister relationship between pyrrhonota and the combined
haematonota/fjeldsaai, although the exact topology different among analyses.
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Figure 2.5. Intra-specific population genetic analyses. A) Epinecrophylla leucophthalma, B)
the E. haematonota s.l. clade, containing dentei, amazonica, spodionota, sororia,
pyrrhonota, haematonota, and fjeldsaai, C) E. gutturalis, and D) E. ornata. For each section is
shown a Principal Components Analysis (PCA) with samples colored by the Discriminant
Analysis of Principal Components Analysis (DAPC) group assignments on the right, and
STRUCTURE plots for all likely values of K (i.e. those with low standard deviation across
replicate runs) on the left. Not shown are results for K=1. The plot for the “best” value of K
for each clade using the Evanno method is marked with an asterisk. Mean log-likelihood and
delta K values are shown below each STRUCTURE plot. Sample size in PCA plots refer to the
number of unlinked SNPs recovered in that clade and used in the PCA analysis. Blue and red
circles denote group assignments from DAPC while black circles and text denote taxa.
Sample numbers correspond to those in Figure 2.1 and Table A.1.
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Population genetics
DAPC analyses with k-means cross-validation estimated a best fit model of K=2 for each
of three clades: E. leucophthalma, E. ornata, and haematonota s.l., and a model of K=1 for E.
gutturalis (Figure 2.5). For E. leucophthalma this divided the species into the “leucophthalma
west” clade (samples #13–16) and the remainder of the eastern taxa, including the
“leucophthalma east” clade. For E. ornata, DAPC separated the central Peruvian atrogularis
from the two eastern taxa. Lastly, for the haematonota s.l. clade, the best fit model of K=2
separated pyrrhonota from the remainder of the group. The worse-fit models of K>2 (based on
BIC scores) for the haematonota s.l. clade (sans E. gutturalis) first separated the E.
spodionota/E. amazonica clade at K=3, then E. spodionota from E. amazonica at K=4, and the
western-most sample (#54) of E. h. pyrrhonota at K=5. PCA plots with points labeled by taxon
and sample number are shown in Figures A.3–A.6.
STRUCTURE results largely recapitulated those from DAPC (Figure 2.5) but provided a
more in-depth view of individuals with potential genetic backgrounds from multiple
populations (i.e. potential introgression). Results from the Evanno method based on the ΔK
value were unambiguous in all cases. However, in all cases the STRUCTURE plot for the “best”
value of K from the Evanno method added a population that was approximately evenly assigned
across all individuals. Therefore, I consider the STRUCTURE plot for the “best” K minus 1 to be a
more biologically realistic representation of the data and report all STRUCTURE plots >1 that
have high likelihood values, following the recommendation of Meirmans (2015). Because the
Evanno method is unable to calculate a ΔK value at K=1 and because all individuals of E.
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gutturalis were approximately equally assigned to both populations at K=2, I consider a K=1 to
be the best-fit model for that species. For E. leucophthalma, K=2 separated the “leucophthalma
west” clade from the remainder of the eastern taxa, but with all individuals containing a small
percentage of genetic membership from the other clade. Within E. ornata, results were similar
to those of DAPC, with atrogularis the most distinct at K=2, but with all individuals having a
proportion of their ancestry assigned to both populations. The pattern in the STRUCTURE plots
for the haematonota s.l. clade (sans E. gutturalis) was more complex. At K=2, STRUCTURE
assignments largely separated E. h. pyrrhonota from E. spodionota/E. amazonica, with all
individuals of the E. h. haematonota/E. h. fjeldsaai group having about equal ancestry between
the two groups. This pattern was also reflected in the intermediate position of the E. h.
haematonota/E. h. fjeldsaai group along the first principal component of the PCA results. At
K=3, STRUCTURE separated three groups that corresponded to taxonomy, with most individuals
showing only a small proportion of shared population assignments: 1) E. h. pyrrhonota, 2) E.
spodionota/E. amazonica, and 3) E. h. haematonota/E. h. fjeldsaai. The “best” value of K=4
provided only a slight suggestion of differentiation between E. spodionota and E. amazonica,
with E. a. dentei genetically indistinguishable from E. a. amazonica, and E. s. sororia genetically
indistinguishable from E. s. spodionota.
The genetic distance estimates (Figure A.7, Figure A.8) largely corroborate the
phylogenetic patterns of genetic distinctiveness and population structure from my dated
phylogeny and select results are reported here. Consistent with the paraphyly in my
phylogenetic results, I found that fjeldsaai was largely undifferentiated from haematonota
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(corrected mtDNA 0.8%, Fst 0.02). In contrast, I found pyrrhonota to be nearly as distinct from E.
haematonota (corrected mtDNA 5.7%, Fst 0.24), with which it is currently considered
conspecific, as from E. amazonica (corrected mtDNA 6.0%, Fst 0.34) or E. spodionota (corrected
mtDNA 6.1%, Fst 0.34). Likewise, the average intra-specific distances for E. ornata (corrected
mtDNA 3.1%, Fst 0.30) and E. leucophthalma (corrected mtDNA 2.8%, Fst 0.30) are strongly
suggestive of species-level divergences within both of these groups (Figure A.8). The distance
between E. a. amazonica and E. a. dentei (corrected mtDNA 2.8%, Fst 0.19) is inconclusive with
regards to species status.
DISCUSSION
Phylogeny and population genetics
My analyses of nuclear and mitochondrial data largely resolved the evolutionary
relationships among Epinecrophylla taxa and recovered three broadly sympatric species
complexes in the Amazon Basin. I consider the topology of the phylogeny illustrated in Figure
2.2A to be the best representation of relationships in the group based on the consistently high
support values across multiple methods that recovered this topology (Figure 2.3, Figure 2.4,
Figure A.1). There was, however, some disagreement among methods and data types regarding
the placement of taxa in the haematonota group (Figure 2.3, Figure 2.4), with some methods
suggesting a non-sister relationship between pyrrhonota and haematonota. Most of the nuclear
topologies that disagreed with the sister relationship of pyrrhonota and haematonota received
low support for that node, often in conjunction with a very short subtending branch. These
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short branches suggest that the divergence between the three primary lineages in the
haematonota s.l. clade was likely very rapid, which combined with the effects of incomplete
lineage sorting and perhaps hybridization, may explain the conflicting signal across methods
and the support for alternate topologies in the SNAPP posterior species tree distributions
(Figure 2.3A, Figure A.2A). Similarly intractable nodes have been found elsewhere in the avian
tree of life even with whole-genome datasets (e.g. Strigiformes in Jarvis et al. 2014). Broader
genomic sampling for these Epinecrophylla species is likely necessary to determine whether
these nodes can be resolved with more data.
Because a strictly bifurcating tree is likely not an appropriate model for intraspecific
relationships in cases of high levels of gene flow (Eckert and Carstens 2008), my population
genetics results may be a better representation of the evolutionary relationships among
individuals at this fine scale. The evolutionary patterns recovered with these population
genetics analyses indicate little differentiation between most subspecies and even between
some taxa currently recognized as species (e.g. E. spodionota and E. amazonica). The three
Amazonian species complexes that I recovered in my phylogeny are sympatric across much of
the western Amazon Basin, but are represented by one species each in the eastern parts of the
Amazon Basin. These species complexes are 1) E. ornata, 2) E. leucophthalma and E. erythrura,
and 3) the haematonota s.l. group. Each complex contains taxa that are either allopatric or
largely parapatric, with distributions typically bounded by large rivers (Figure 1). I discuss the
phylogenetic results and taxonomic implications of each species or species group separately.
Taxa marked with an asterisk are considered synonyms by some authors.
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Epinecrophylla fulviventris
Taxa included: fulviventris (Lawrence, 1862), salmoni* (Chubb, 1918), and costaricensis*
(Todd, 1927).
Epinecrophylla fulviventris was recovered as sister to the remainder of the genus in all
analyses and with relatively shallow divergence between my two samples in most phylogenies. I
lack the geographic sampling or morphological data to make any taxonomic recommendations
for this species, and thus suggest maintaining the current treatment of a monotypic E.
fulviventris following recent authors (Clements et al. 2019, Zimmer and Isler 2003).
Epinecrophylla ornata
Taxa included: ornata (Sclater, 1853), atrogularis (Taczanowski, 1874), hoffmannsi
(Hellmayr, 1906), saturata (Chapman, 1923), and meridionalis (Zimmer, 1932).
The only predominantly gray-bodied species in the genus, my results for this
morphologically distinctive group are hampered by the lack of samples of the nominate taxon
and the geographically adjacent taxon saturata. The species was described from a “Bogota”
skin and is thus of uncertain provenance, although typically assumed to be from the lowlands of
southern Amazonian Colombia (Peters 1951). However, without samples from Ecuador or
southern Colombia, I am unable to fully resolve the relationships within this species or
recommend taxonomic changes. Despite the lack of these samples, I discovered deep splits and
high population structure among all three subspecies in my phylogenetic analyses, suggesting
that multiple species-level taxa occur in the group. The most genetically distinct of the three
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taxa in phylogenetic and population genetic analyses was atrogularis of central Peru, which all
analyses placed as sister to meridionalis/hoffmannsi, thus contradicting the opinion of some
authors (e.g. del Hoyo et al. 2019) that hoffmannsi represents a species distinct from the other
four taxa in E. o. ornata. This relationship is surprising given the phenotypic similarity of
atrogularis and meridionalis, which both lack the rufous back of the other three taxa in the
ornata group and differ from each other primarily in the slightly brighter brown upperparts of
female meridionalis, while the males are largely indistinguishable (Zimmer 1932b). E. o.
atrogularis and E. o. meridionalis potentially come into contact in the Ucayali Region of
southern Peru, and further research on this contact zone is of interest given the deep genetic
split between the two taxa presented here. Reports of specimens of male meridionalis with
some rufous on the back from southern Peru in Cusco and Madre de Dios Regions have been
suggested to be either variation within meridionalis or evidence of introgression with one of the
rufous-backed forms (Ridgely and Tudor 1994). I suspect that the latter is a more likely
explanation, based on the population genetic STRUCTURE results (Figure 5D) that show
individuals with shared population assignments between all three subspecies that I sampled,
despite the deep genetic splits among them.
Epinecrophylla leucophthalma and E. erythrura
Taxa included in E. leucophthalma: leucophthalma (von Pelzeln, 1868), phaeonota
(Todd, 1927), sordida (Todd, 1927), and dissita (Bond, 1950).
Taxa included in E. erythrura: erythrura (Sclater, 1890) and septentrionalis (Zimmer,
1932).
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This is the first study to suggest a sister relationship between these two species. The
split between the two species is quite deep, and the two species have largely parapatric
distributions, but are locally sympatric in Peru (Figure 2.1B; Schulenberg et al. 2007, Alvarez
Alonso 2002) without showing any morphological signs of introgression, thus confirming their
status as species. Notably, I found that the nominate subspecies of E. leucophthalma is
paraphyletic as currently recognized, with western populations of E. l. leucophthalma sister to a
group containing the subspecies sordida and phaeonota and the eastern populations of the
nominate subspecies. This deep genetic divergence within E. leucophthalma is comparable to
some divergences among taxa considered to be species within the haematonota s.l. clade, in
particular between E. spodionota and E. amazonica, but to my knowledge no morphological
characters have been proposed to diagnose this western population of E. leucophthalma.
Excluding that western population, the remainder of the E. leucophthalma samples in my
analysis showed extremely low divergence among them, although most of my nuclear
phylogenies grouped samples into three shallowly diverged groups corresponding to sordida,
phaeonota, and the eastern clade of leucophthalma. Because the geographically intermediate
taxon phaeonota is morphologically distinctive (rufous back in phaeonota vs brown in all other
leucophthalma taxa), I support the continued treatment of the three leucophthalma taxa as
separate subspecies despite the very low genetic divergence between them. This treatment is
further supported by the presence of specimens intermediate between leucophthalma and
phaeonota on the Río Roosevelt (Zimmer 1932a). The type locality of E. leucophthalma is on the
right bank of the Río Madeira at Salto do Jirau, Rondônia, Brazil (Pelzeln and Natterer 1871), in
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the same interfluve and just 150 km to the north of my sample #20 (Figure 2.1B), thus
suggesting that the name leucophthalma applies to the eastern clade of E. l. leucophthalma and
that the Río Madeira may correspond to the deep genetic break within the species. The
southern Andean foothill taxon dissita comes into contact with my western clade of E. l.
leucophthalma in southern Peru (Figure 2.1B), so the name dissita could potentially be
expanded to include the rest of Peru and Pando, Bolivia (i.e. my “leucophthalma west” clade).
Alternatively, a new name might be necessary for this western population of E. l.
leucophthalma. However, genetic samples of dissita are needed to confirm which of these
alternative treatments is appropriate. Estimates of the finite-sites mitochondrial distance and
weighted nuclear Fst between the western clade of E. l. leucophthalma and all eastern
populations are 6.3% and 0.29, respectively.
Epinecrophylla haematonota group
Taxa included in E. haematonota: haematonota (Sclater, 1857) and fjeldsaai (Krabbe,
Isler, Isler, Whitney, Alvarez, & Greenfield, 1999).
Taxa included in E. spodionota: spodionota (Sclater & Salvin, 1880) and sororia (von
Berlepsch & Stolzmann, 1894).
Taxa included in E. amazonica: amazonica (von Ihering, 1905) and dentei Whitney, Isler,
Bravo, Aristizábal, Schunck, Silveira, & de Q. Piacentini, 2013.
Monotypic species: E. pyrrhonota (Sclater & Salvin, 1873) and E. gutturalis (Sclater &
Salvin, 1881).
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This clade contains eight taxa that have undergone many taxonomic rearrangements
throughout their history (Cory and Hellmayr 1924, del Hoyo et al. 2019, Dickinson and Christidis
2014, Isler and Whitney 2018, Peters 1951, Remsen et al. 2019, Whitney et al. 2013, Zimmer
1932a, Zimmer and Isler 2003). My phylogenetic analyses indicate that E. gutturalis is part of
this species complex and is sister to the rest of the clade. All of my phylogenetic and
STRUCTURE analyses showed no population structure within E. gutturalis across its range. DAPC
results showed low levels of structure, but still indicated a K=1 based on BIC scores. The five
samples that showed slight divergence from the main cluster in the PCA results (Figure 2.5C;
sample numbers 32, 34, 35, 36, and 40) did not cluster based on geography. The close
relationship and relatively shallow divergence between E. spodionota (including sororia) of the
Andean foothills and E. amazonica (including dentei) of the southern Amazonian lowlands
presents an interesting biogeographic pattern that is uncommon among birds, and received
high statistical support across my phylogenetic analyses. Aside from the placement of E.
gutturalis, I found considerable disagreement across phylogenetic methods regarding the
relationships between the three other main clades in this group, namely E. pyrrhonota of
northwestern lowland Amazonia, E. haematonota (with fjeldsaai phylogenetically embedded
within haematonota) of western lowland Amazonia, and E. amazonica/E. spodionota, despite
relatively old divergence times between the three clades. Most phylogenetic analyses of UCE
data indicated a sister relationship between pyrrhonota and haematonota (e.g. Figure 2.2,
Figure 2.4, Figure A.1), but multiple methods indicated a non-sister relationship between the
two lineages, with either haematonota or pyrrhonota sister to the E. amazonica/E. spodionota
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clade depending on the analysis (Figure 4), in some cases with high statistical support.
Regardless of the topology recovered, most phylogenetic results indicated very short branches
separating the divergence of each of these three clades. These short internodes have proven
difficult to resolve even with many thousands more loci than I have analyzed here (e.g. Cheng
et al. 2020), but even by doubling the number of loci analyzed – albeit with fewer samples – I
recovered the same topology as is shown in Figure 2.2A. Additional studies with more loci, and
in particular more data types, are desirable to fully resolve these relationships and to
determine the extent to which incomplete lineage sorting, hybridization, or other factors are
responsible for the topological uncertainty in my phylogenetic results. A relatively deep
phylogenetic break between my eastern and western samples of E. pyrrhonota, perhaps across
the Rio Japurá, is also worthy of additional investigation. The only known sympatry between
any taxa in this group occurs on the east slope of the Andes in southern Colombia where
Salaman et al. (2002) reported pyrrhonota and spodionota being captured in the same mistnets, thus necessitating at a minimum the separation of E. pyrrhonota and E. amazonica/E.
spodionota as biological species. Given the similarly old divergence times between 1) E.
pyrrhonota, 2) E. amazonica/E. spodionota, and 3) E. haematonota (all ~2.5–3 Ma) I believe that
these three lineages each represent separate biological species. Additionally, E. amazonica and
E. spodionota are widely considered to be separate species based on differing morphology and
habitat, and my genetic results are consistent with that treatment.
Isler et al. (1998) developed a yardstick-based system using vocalizations to evaluate
species limits in Thamnophilidae. Isler and Whitney (2018) applied this system to haematonota,
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pyrrhonota, and fjeldsaai, finding that the three taxa did not differ in vocalizations and were
therefore best regarded as three subspecies of E. haematonota. My results suggest that the
divergence between pyrrhonota and E. amazonica/E. spodionota (mtDNA 6.1%, weighted Fst
0.34) is comparable to that between pyrrhonota and haematonota/fjeldsaai (mtDNA 5.7%%,
weighted Fst 0.25), and some analyses indicating a non-sister relationship between pyrrhonota
and haematonota/fjeldsaai (Figure 2.2B, Figure 2.3, Figure 2.4). This, combined with the results
from my DAPC and STRUCTURE analyses which indicate that pyrrhonota is the most divergent
taxon in this group, and in particular much more so than E. amazonica is from E. spodionota,
that E. pyrrhonota is best regarded as a distinct species. Although yardstick-based systems in
avian taxonomy have received considerable criticism (Collar et al. 2016, Remsen 2015, 2016),
the Isler et al. (1998) system partially overcomes these limitations by explicitly applying the
yardsticks within a single family (Thamnophilidae), thus minimizing the the possibility of
applying these yardsticks to phylogenetically distant clades. A more thorough evaluation of the
utility of this vocalization-based yardstick system between all Epinecrophylla taxa is desirable,
but the results presented here indicate vocalizations may not be a reliable indicator of species
status in this genus.
My results support the continued treatment of fjeldsaai as a subspecies of E.
haematonota due its morphological distinctiveness despite its low genetic differentiation, but
were more ambiguous with regard to the taxonomic status of dentei. None of my population
genetics analyses were able to differentiate fjeldsaai from haematonota, and all phylogenetic
analyses indicated that fjeldsaai was embedded within haematonota. This treatment is further
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supported by evidence of hybridization between the two taxa in northwestern Peru (LSUMNS
specimens). In fact, one of my samples of fjeldsaai (sample #62) has some rufous coloration on
the lower back suggestive of hybridization with haematonota. Although paraphyly at the
genetic level between “good” species is possible, this is most likely in peripheral range isolates
such as island colonizations (e.g. Zucker et al. 2016) where genetic relationships have not fully
sorted, but this is unlikely to explain the paraphyly of haematonota with regard to fjeldsaai
because the two are in broad geographic contact. Remarkably, Zimmer (1932b) noted that the
presence or absence of rufous on the back may not be a reliable species-level character in this
genus, and my genetic data support that conclusion. In contrast, dentei was placed as sister to
E. amazonica in all phylogenetic analyses, but with relatively shallow divergence (mtDNA 2.8%,
weighted Fst 0.19) that is less than that shown by population-level or subspecies-level
divergences of some other species in the genus. However, I note that many bird species show
much lower genetic divergence than that of dentei, and that this comparison may rather
provide evidence for multiple species-level taxa within some of these other species of
Epinecrophylla. My population genetics analyses including all samples in the haematonota s.l.
clade were unable to distinguish amazonica and dentei (Figure 2.5), and in fact were largely
unable to differentiate E. amazonica and E. spodionota. However, a DAPC analysis using just the
three samples of amazonica and the one of dentei did suggest a K=2 was the best model based
on BIC scores and separated the dentei sample from the rest of amazonica.
In summary, I recommend the following 5-species treatment for the taxa in the
haematonota group: E. gutturalis, E. haematonota (with fjeldsaai as a subspecies), E.
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pyrrhonota, E. amazonica (with dentei as a subspecies, or potentially as its own species), and E.
spodionota (with sororia as a subspecies). Until genetic samples of E. leucophthalma dissita, E.
ornata ornata, and E. o. saturata are available for study, I refrain from making taxonomic
recommendations in those groups, but I suspect that both E. leucophthalma and E. ornata
contain multiple species-level taxa. Therefore, I recommend the following species-level linear
taxonomy for Epinecrophylla: fulviventris, ornata, erythrura, leucophthalma, gutturalis,
haematonota, pyrrhonota, amazonica, spodionota.
Biogeographic patterns
Having three broadly sympatric species or species complexes distributed across the
Amazon Basin provides replicated evolutionary histories across a shared landscape. Of interest
is the response of each of these species or species complexes to well-known biogeographic
barriers in the Amazon Basin, such as large rivers (Capparella 1991, Wallace 1852). The major
river systems of the Amazon Basin – such as the Solimões, Negro, and Madeira – all appear to
have an effect on the genetic structure and range limits of Epinecrophylla taxa, delimiting many
species and subspecies that show significant genetic breaks at those locations in our analyses.
Smaller river systems, however, appear to have idiosyncratic effects on genetic structure, with
some delimiting genetic groups in one species, but having little to no effect in others. For
example, the Río Purús is a major barrier for E. ornata, but has little effect on the genetic
structure of other groups, while the Río Tapajós is a barrier for subspecies of E. leucophthalma
but not E. ornata.
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The distribution and genetic boundaries of phenotypically distinctive taxa such as
fjeldsaai and phaeonota do not appear to always follow biogeographic barriers that affect other
bird species. The brown-backed fjeldsaai, which I find to be phylogenetically embedded within
the rufous-backed haematonota, hybridizes with haematonota within the Napo interfluve
without any clear biogeographic barrier separating the two taxa. Likewise, the rufous-backed
phaeonota is part of the otherwise brown-backed E. leucophthalma, and appears to replace the
eastern populations of nominate leucophthalma somewhere between the Juruena and
Roosevelt rivers, and specimens with intermediate plumage have been noted (Zimmer, 1932a).
It is worth mentioning that while fjeldsaai and phaeonota are phenotypically distinctive within
their respective clades, my analyses indicate that they are not genetically sufficiently distinctive
to be considered species, perhaps because they are not separated from adjacent taxa by
prominent biogeographic barriers such as rivers that would allow for the buildup of fixed
genetic differences concordant with their morphological differences.
That two species complexes – E. ornata and E. leucophthalma/E. erythrura – are absent
from the Guiana Shield and the northern half of the Inambari interfluve (Figure 2.1A, 2.1B) is
perplexing. Likewise, the haematonota group is absent from the Brazilian Shield, while the
other two species complexes are present there. These patterns may be due to the vagaries of
extinction, interspecific competition, or habitat suitability, or some combination of those
factors, all of which require further study. It is possible that suboptimal habitat, either currently
or historically, may increase competition between these closely related and ecologically similar
species, leading to local extinctions. Quaternary climate fluctuations that resulted in drier
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conditions in the southeastern Amazon Basin are thought to have negatively impacted
populations of humid forest species in this region (Cheng et al. 2013, Baker et al. 2020), and this
region is currently drier on average than western and northern parts of the Amazon Basin (Fick
and Hijmans 2017). This seems unlikely to be the primary driver of distribution patterns in
Epinecrophylla, as it would explain the absence of any representatives of the haematonota
group in the southeastern Amazon Basin, but not the presence E. ornata and E. leucophthalma
in the same region. There is, however, evidence that co-occurrence, competition, and habitat
segregation may play a role in the ability of Epinecrophylla species to coexist over broad spatial
scales. Evidence from different localities suggests that spatial variation in habitat preferences is
dependent on how many congenerics are present at a locality. In general, E. ornata shows a
greater affiliation for bamboo habitats, E. leucophthalma for second growth or bottomland
forest, and the haematonota group for upland forest (del Hoyo et al. 2019), but multiple
species may be present at a single locality or even a single mixed-species flock. For example,
Rosenberg (1997) frequently found E. leucophthalma and E. ornata in the same mixed flocks at
Tambopata, Peru, but E. ornata foraged more frequently in bamboo micro-habitats. These two
species are reported to segregate by habitat to a greater degree in Mato Grosso, Brazil (del
Hoyo et al. 2019). In contrast, E. leucophthalma and E. amazonica have been found regularly at
the same site in Madre de Dios, Peru, but the two species rarely occurred in the same mixed
species flock (J. Tobias, personal communication). Likewise, in Napo, Ecuador, Whitney (1994)
found E. ornata and E. erythrura in the same mixed species flock on just one occasion, although
three species of Epinecrophylla occurred at the site. However, in cases where one species is
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absent the others may occupy the habitats typically occupied by the absent species, and
Rosenberg (1997) noted that at a site in Pando, Bolivia where E. ornata was absent, that E.
leucophthalma and E. amazonica segregated by habitat, with the former utilizing bamboo (a
habitat more typical of E. ornata) and disturbed habitats and the latter in upland forest. It is
unclear to what degree co-occurrence, competition, and habitat preferences are a response to
the vagaries of distributional differences among species or whether the reverse is true and
these factors drive species distributions. Answers to these questions require further study.
Areas of potential future research
The results of my phylogenetic and population genetic analyses suggest that multiple
geographic regions could produce valuable insights with both greater sampling effort and
natural history observations (e.g. playback experiments, surveys of contact zones, analysis of
vocal and morphological traits). The first is in southern Peru in the foothills of southeastern
Madre de Dios region, where three taxa potentially come into close geographic proximity,
namely E. spodionota, E. amazonica (which I recover as sister species), and E. haematonota. A
second region of interest is slightly to the north in southern Ucayali region, where two
subspecies of E. ornata – atrogularis and meridionalis – replace each other, perhaps across the
Río Purús, though the two are not recovered as sister taxa in my phylogenies and could come
into contact across the headwaters of that river. Genetic samples of the two northern taxa in E.
ornata, including the nominate subspecies, are critical to resolving relationships within that
species. A third region is the headwaters of the Río Napo in northern Ecuador, where two taxa
currently regarded as subspecies of E. haematonota, pyrrhonota and fjeldsaai (but see my
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results regarding the genetic distinctiveness of pyrrhonota), could potentially come into
contact. Analysis of a contact zone in this region would be critical to resolving species limits in
the haematonota group.
Despite being the most well-sampled phylogenetic study of Epinecrophylla to date, my
study lacked genetic samples from some key areas that could affect the results presented here.
The lack of samples for two subspecies of E. ornata, including the nominate, hinders my ability
to make any taxonomic recommendations for that species. I also lack samples of E.
leucophthalma dissita of the Yungas. This taxon comes into contact with the western clade of
nominate leucophthalma, and it is possible that the name dissita could apply to the entirety of
this western clade, a population that based on my results may represent a species distinct from
the eastern taxa in E. leucophthalma. Two other sampling gaps bear mention; the first is the
population of E. h. haematonota from the north bank of the Amazon west of the Napo, which is
the population that presumably intergrades with E. h. fjeldsaai, and the second is a lack of
samples for any taxon from the vast region of the Brazilian Amazon west of the Río Madeira
and south of the Río Amazonas, which could contain genetically distinct populations and
contains the type locality of E. amazonica (Peters 1951).
As has been shown in other Neotropical avian systems (Brumfield 2005, Musher and
Cracraft 2018), my study highlights the importance of sampling populations below the species
level, especially in tropical regions, where the taxonomy of many groups is unresolved and
there may be considerable undiscovered morphological and genetic diversity. Our
understanding of phylogenetic relationships has grown dramatically in recent decades as
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technological advances have allowed us to obtain and analyze sequence data for ever more
genetic markers and individuals, including at the population level in non-model organisms
(Harris et al. 2018, Tan et al. 2019, Zarza et al. 2016, Zucker et al. 2016). Applying these new
methods to Epinecrophylla, I have uncovered novel phylogenetic relationships at the species,
subspecies, and population levels, suggesting that the species diversity of this genus has thus
far been underestimated.
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CHAPTER 3. COMPARATIVE PHYLOGEOGRAPHY
OF AMAZONIAN RIVERINE BIRDS
INTRODUCTION
Population genetics, the study of patterns of genetic diversity within species in response
to the effects of gene flow, mutation, and drift (Wright 1931), represents the early stages of the
speciation cycle when populations are subdividing into geographically isolated sub-populations
in the landscape prior to speciation (Hahn 2018, Tobias et al. 2020). The amount of population
structure is typically quantified by the degree of genetic differences among spatially distributed
sub-populations. The degree of population genetic structure is governed by metapopulation
dynamics, population connectivity, and gene flow (Hahn 2018), all of which have the potential
to isolate sub-populations across landscape barriers, or to merge sub-populations if gene flow is
sufficiently high. Recent studies have illustrated the important role of gene flow in maintaining
or inhibiting population connectivity and reproductive barriers between closely related taxa
(Poelstra et al. 2014, Lamichhaney et al. 2015, Toews et al. 2016), although these cases have
typically focused on gene flow after initial or incomplete speciation, rather than the gene flow
within populations of one species that is likewise ubiquitous.
One of the primary factors controlling the amount of population structure within a
species is dispersal ability, or the ability of individuals to move between populations, a process
that mediates levels of gene flow (Bohonak 1999, Clobert et al. 2009, Hellberg 2009). Central to
estimating dispersal ability is assuring that the measure accurately captures the individuals that
breed in the population to which they disperse, which determines whether genes are
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transferred between populations. The dispersal that matters in this context is natal dispersal, or
the movement of individuals away from their natal site to establish a breeding territory. Natal
dispersal is notoriously difficult to estimate (but see Paradis et al. 1998), because it requires
tracking many individual animals over long periods of time to obtain reliable estimates. Due to
these limitations, dispersal is typically measured by means of proxies that are known to be
correlated with natal dispersal, which in birds include measures of wing shape, body mass, diet,
and population size (Paradis et al. 1998, Claramunt 2021).
There is considerable variation across species in the degree of intraspecific population
structure, but the general pattern is that most species show some degree of population
structure. In birds, a primary correlate of this structure is dispersal ability (Salisbury et al. 2012,
Seeholzer and Brumfield 2018, Miller et al. 2021). The lower the dispersal ability of the species,
the greater the amount of population genetic structure (Bohonak 1999). This association is
most obvious in species occupying heterogeneous landscapes with many dispersal barriers.
However, if dispersal occurs according to a stepping-stone model in which closer populations
receive more immigrants than distant populations, population structure can form in a
homogeneous landscape, a process termed isolation-by-distance (Wright 1943). Most bird
species are thought to disperse according to a stepping-stone model.
High levels of population structure are correlated with speciation rates (Harvey et al.
2017a), showing that the degree of population structure has consequential effects on
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Figure 3.1. Hypothesized relationship between dispersal ability and population genetic
structure. Species with higher population structure, indicated by disjointed orange
populations are thought to have lower dispersal abilities, which allows populations to
maintain genetic separation. In contrast, species with lower population structure,
indicated by the solid blue population, are genetically panmictic due to high dispersal
maintaining high levels of gene flow. This relationship assumes populations are in HardyWeinberg Equilibrium.
speciation dynamics over evolutionary time. The factors that influence population structure
described above lead to the simple prediction that the degree of population structure is
negatively correlated with dispersal ability, assuming dispersal ability is a proxy for gene flow
(Figure 3.1). If dispersal abilities, or proxies thereof, are high, then species will tend towards
panmixia. In contrast, low dispersal abilities will result in populations subdividing across
geographic barriers in the landscape.
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Other proxies for dispersal ability have been used in empirical studies of genetic
structuring in birds. For example, Burney and Brumfield (2009) found differences in genetic
structure between canopy and understory bird species across landscape barriers in Amazonia.
They attributed this to differences in dispersal abilities across foraging strata that allowed
canopy birds to maintain greater connectivity across shared landscape barriers in comparison
to understory species (Burney and Brumfield 2009). Bates et al. (2003) showed that species in
dryland cerrado forest of eastern South America showed less genetic structure than species
from Amazonian lowland rainforest. Additionally, niche specialization is very closely tied to
dispersal ability in tropical birds (Salisbury et al. 2012), supporting the idea that niche or habitat
specialization is an indirect proxy of dispersal. Similarly, a broader scale study across many
Amazonian bird species found that diet, rather than habitat, was a better predictor of dispersal
ability (Miller et al. 2021), with species that track ephemeral food resources having greater
dispersal ability, and thus lower population differentiation. Harvey et al. (2017c) examined
whether the amount of population genetic structuring differed between bird species that
inhabit upland non-flooded terra firme forest in comparison to species that inhabit lowland,
seasonally flooded várzea forest. He hypothesized that species inhabiting floodplain várzea
forests would have greater dispersal ability and thus less genetic structure. He found that birds
in floodplain forests had lower population genetic structure than those in upland terra firme
forests (Harvey et al. 2017c), but that these differences were not tied to measures of dispersal
ability like wing shape.
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Many measures exist to estimate the amount of genetic population structure within a
species, each with its advantages and limitations. Many of these are based on theoretical work
on how selection produces geographical discontinuities in gene flow, or clines (Slatkin 1973,
Nagylaki 1976, Barton 1979). The fixation index (Fst) measures the genetic structure of a
population by estimating deviations in heterozygosity from the neutral expectations of a HardyWeinberg equilibrium, providing a measure of within- vs between-population genetic structure.
Fst is highly correlated with genetic migration rate, i.e. gene flow (Levin 1974, Rousset 1997),
and is often used as a direct proxy for migration rate. Similarly, Dxy, single-nucleotide
polymorphisms (SNPs), and segregating sites all measure the genetic sequence variation that
varies with population structure, and most are correlated with gene flow, and therefore
dispersal ability. Phylogenetic measures, such as branch lengths of gene trees provide another
measure of population genetic structure, but are less able to distinguish effects of gene flow.
Here, I extend Harvey’s work by examining a group of birds that inhabit a seasonally
inundated habitat that is also extremely ephemeral – Amazonian riverine islands. I take
advantage of bird species in the Amazon Basin that have a continuum of dispersal abilities to
examine the role of dispersal ability on the population genetic structuring of birds. The
characteristics that make riverine island habitat so ephemeral; river erosion, flooding cycles,
habitat linearity, and habitat succession, are found to a lesser degree in river floodplain várzea
forests. This várzea habitat is still affected by riverine processes, but is more stable and more
extensive than riverine islands. Even more stable, less linear, and more geographically
subdivided, are upland terra firme forests found on higher ground away from the floodplain.
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These three habitats form a gradient in linearity, temporal stability, and habitat subdivision, all
expected to correlate with population genetic structure. I refer to this gradient as increasing
“habitat stability” throughout analyses, with greater complexity referring to upland forest
habitat and less complexity to riverine island habitat. The characteristics and predicted patterns
of dispersal and population structure across these three habitat types are described in detail
below.
Riverine islands are an ecosystem common to many large river systems worldwide, and
are formed by sediment deposition in the river channel and subsequent plant colonization
(Kalliola et al. 1991), primarily in “white water” river systems (Junk et al. 2011; see Appendix B).
These islands are ephemeral; they form, grow, and disappear on timescales of tens to hundreds
of years (Figure 3.2; Kalliola et al. 1991, Peixoto et al. 2009). In the Amazon Basin, these islands
support a unique successional sandbar scrub habitat (Parolin et al. 2002) and a suite of bird
species specialized on this distinct habitat (Remsen and Parker 1983, Rosenberg 1990). Because
of the extremely ephemeral nature of the habitat that is visible even at human timescales, the
bird species that specialize on these islands presumably must be highly dispersive in order to
track the islands as they move, but this remains to be tested.
Floodplain várzea forest is found in the river floodplains along margins of “white-water”
rivers (Figure 3.2, Junk et al. 2011). Floodplain forests in the eastern Amazon basin tend also to
be found on the margins of “clear-water” rivers and are known as igapós (Junk et al. 2011). This
floodplain forest is seasonally flooded due to variation in river levels, and river erosion and river
capture intrudes on the extent of várzea habitat. Both of these factors are thought to increase
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the dispersal abilities of the species in this habitat by forcing individuals to move as habitat
shifts in geographic extent, but the effects are less drastic than in riverine islands, as the habitat
persists over at least human timescales. Additionally, because they are tied to rivers, both
várzea and riverine island habitats are linearly distributed, which based solely on habitat shape
may provide more opportunities for isolation in geographically extensive river systems. I use
the term “riverine” when jointly referring to várzea floodplain forest and riverine islands.
Upland terra firme forest is found on higher ground away from rivers and does not
experience seasonal inundation (Figure 3.2). In fact, in the Amazon Basin, these forests are
found in discrete blocks isolated by large rivers that cut through upland forest (Oliveira et al.
2017). It has long been recognized that this results in distinct species being found on opposite
banks of major Amazonian rivers (Wallace 1852, Capparella 1991, Moraes et al. 2016).
In comparison to forest birds, the factors that govern the population subdivision of
species restricted to riverine habitats are less well known. Indeed, whether riverine birds show
any genetic structuring, or how this structure might arise, is poorly known. Work on riverine
island birds of the Amazon Basin found a concordant east-west population genetic break within
three species (Choueri et al. 2017, Thom et al. 2020), that was attributed to Quaternary climatic
fluctuations, and possibly sea level rise, isolating eastern and western populations. Few other
studies have quantified population structure in riverine species, but most have found little or
no population genetic structure within the few species analyzed (Aleixo 2006, Cadena et al.
2011). Aleixo (2006) suggested that high dispersal ability prevented any intra-specific genetic
isolation from forming, and that the long-term consequence of this, as observed in his two
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Figure 3.2. Characterization of the Amazonian habitats studied here. A) and B) are satellite
imagery of riverine islands taken 30 years apart in 1987 and 2017, respectively, at the
confluence of the rios Napo and Solimões (Gorelik 2013), showing the dynamic and
ephemeral nature of the islands over short evolutionary timespans. Note the dark lake near
the bottom center for geographical reference. C) The river-associated habitats of the
Amazon Basin, ordered by distance from the river channel. The primary habitats of riverine
islands are sandbar and sandbar scrub, with taller “river edge forest” found near the island
centers. Floodplain várzea forest is found on the river margins and is seasonally inundated.
Upland forest, or terra firme, occurs above the high water mark, and would be off the
figure to the right. Illustration by John P. O’Neill, from Parker and Remsen (1983).
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study species, would be low speciation rates in riverine birds resulting in a monotypic species
on a long branch sister to more species-rich clades. This idea remains to be tested more
broadly. However, recent work has found Amazonian floodplain forest species with relatively
high levels of genetic structure (Silva et al. 2021). Thus, the evidence so far points to riverine
habitats mostly being associated with reduced within-species population genetic structure.
Recent genetic studies of Amazonian riverine island birds have provided insights into
this poorly known avian community. Using mitochondrial and microsatellite loci, Choueri et al.
(2017) found that three riverine island species or species complexes (Myrmoborus lugubris,
Myrmotherula assimilis, and Thamnophilus nigrocinereus/cryptoleucus) had unexpectedly high
differentiation between populations in “white-water” and “black-water” river systems (see
Appendix B) within the Amazon Basin, which they contrasted with a single floodplain forest
species that showed limited population structure across its range. Analyzing the same set of
riverine island birds, but with expanded genomic sampling, Thom et al. (2020) found support
for a similar model of divergence between riverine island populations in distinct river types, and
found evidence of secondary contact at a tension zone in the central Amazon Basin where the
Rio Negro meets the main stem of the Amazon. While neither study formally tested for habitat
level differences between riverine island birds and those from other habitats, both found
surprisingly high levels of genetic structure and low levels of gene flow between populations,
suggesting the presence of a geographic isolating mechanism within Amazonian riverine island
systems.
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Amazonian birds are an ideal system in which to study the processes that govern
population genetic structure and dispersal. The region is typified by high species richness
(MacArthur 1965, Blackburn and Gaston 1996), long-term evolutionary stability (Harvey et al.
2017b), a wide diversity of habitat types (Tuomisto et al. 1995), and many habitat specialist
species (Terborgh 1985, Rosenberg 1990, Alvarez Alonso 2002). Here, I study bird species from
three different Amazonian habitats to determine whether there is an association between
habitat type and amount of genetic differentiation among populations. I use this comparative
framework to test the hypothesis of an association between dispersal ability and population
genetic structure, using habitat specialization as a proxy for dispersal. I utilize a large-scale
comparative phylogeographic framework and population-level sampling of Amazonian 66 bird
species and sequence capture of Ultraconserved Element (UCE; Smith et al. 2014a) loci to
assess the phylogenetic and population genetic patterns. I use population genetic parameters
estimated from these loci to test the hypothesis that population genetic structure is lowest in
riverine islands, intermediate in floodplain várzea forest, and highest in upland terra firme
forest bird species.
METHODS
Sampling design
For the 20 upland forest and 20 várzea species or species complexes (Table 3.1) I used
the genetic data from Harvey et al. (2017). I added new data from 17 species that are
specialized on riverine island habitats within Amazonia (Table 3.1; Remsen and Parker 1983,
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Rosenberg 1990, B. Whitney pers. comm., D. Lane pers. comm.) plus one river-associated
Amazonian species (Ochthornis littoralis) not restricted to riverine islands (Table 3.1). Three of
the riverine island species (Conirostrum bicolor, Stigmatura napensis, and Thamnophilus
nigrocinereus) are found in non-riverine habitats outside the Amazon basin, but are restricted
to riverine islands within the Amazon basin (del Hoyo et al. 2014, Remsen and Parker 1983). I
opted to select sample localities in order to maximize the number of river systems sampled and
the geographic distance between samples. I included species in my sequencing pipeline for
which tissue samples were available from at least seven localities. One species (Elaenia pelzelni)
had just two localities available and was included in the sequencing pipeline but excluded from
downstream analyses. Previous phylogenetic data has shown that Thamnophilus nigrocinereus
and T. cryptoleucus form a species complex, with gene flow at a broad hybrid zone (Choueri et
al. 2017, Thom et al. 2020), so I here consider these a species complex for analyses. The data
from Harvey et al. (2017b) likewise includes multiple species complexes, and I consider all
species complexes as “species” in the analyses.
UCE data collection
I extracted total DNA for all new riverine island samples (n = 145) using ca. 25 milligrams
of pectoral muscle and quantified DNA concentration using a Qubit fluorometer (model).
Samples were standardized to 10 nanograms/microliter. For 91 samples, I then sheared
samples to approximately 600 base pair fragments using an Episonic 1100 bioprocessor. I
generated DNA libraries using a KAPA Biosystems Hyper Prep kit (Wilmington, Massachusetts,
USA) and enriched ultraconserved elements (UCEs) using a set of 5,742 probes that target 5,060
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loci in vertebrates following the protocol of Faircloth et al. (2012). Enriched samples were
pooled at equimolar ratios and sequenced on three lanes of a HiSeq 3000 sequencer at
Oklahoma Medical Research Foundation Clinical Genomics Center (OMRF; Oklahoma City,
Oklahoma, USA). For the remaining 56 samples I delivered DNA extracts to Rapid Genomics
(Gainesville, Florida, USA) for UCE library preparation and sequencing using a MiSeq sequencer.
This latter sample set was enriched using a custom probe set consisting of 2,321 vertebrate
UCEs and 96 exons. Rapid Genomics and OMRF demultiplexed samples using custom scripts. All
sequencing lanes contained DNA libraries used in other projects. For the upland forest and
flooded forest species, I obtained raw reads from the GenBank Sequence Read Archive (SRA:
SRP109055). All samples, regardless of data source, were processed identically in the remainder
of analyses.
I trimmed reads of adapter contamination and low-quality bases using illumiprocessor
(Faircloth 2013) and trimmomatic (Bolger et al. 2014). Reads were obtained from a variety of
sources with sequencing done with different lane sizes, so I subsampled cleaned reads to 2.0
million reads per individual to normalize assemblies across samples and to decrease
computation time. I assembled contigs in SPAdes (Nurk et al. 2013). Because samples were
sequenced with two different probe sets I opted to match contigs to the “Tetrapods-UCE2.5Kv1” (uce-2.5k-probes.fasta) probe set which consists of 2,560 baits targeting 2,386 UCE loci,
and is a subset of all other probe sets used in sequencing.
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Table 3.1. Species and genetic sample sizes used in this study. Species are grouped by
habitat.
Latin name

English name

Habitat

Sample
size

Talaphorus chlorocercus

Olive-spotted Hummingbird

Riverine island

4

Dendroplex kienerii

Zimmer's Woodcreeper

Riverine island

7

Furnarius minor

Lesser Hornero

Riverine island

7

Cranioleuca vulpecula

Parker's Spinetail

Riverine island

7

Mazaria propinqua

White-bellied Spinetail

Riverine island

8

Myrmotherula assimilis

Leaden Antwren

Riverine island

7

Myrmochanes hemileucus

Black-and-white Antbird

Riverine island

7

Myrmotherula klagesi

Klages's Antwren

Riverine island

7

Thamnophilus
cryptoleucus/nigrocinereus

Castelnau's/Blackish-gray
Antshrike

Riverine island

7

Myrmoborus lugubris

Ash-breasted Antbird

Riverine island

8

Knipolegus orenocensis

Riverside Tyrant

Riverine island

12

Stigmatura napensis

Lesser Wagtail-Tyrant

Riverine island

10

Elaenia pelzelni

Brownish Elaenia

Riverine island

2

Serpophaga hypoleuca

River Tyrannulet

Riverine island

10

Conirostrum bicolor

Bicolored Conebill

Riverine island

15

Conirostrum margaritae

Pearly-breasted Conebill

Riverine island

4

Ochthornis littoralis

Drab Water Tyrant

Riverine generalist 12

Crypturellus undulatus

Undulated Tinamou

Floodplain forest

11

Piaya cayana

Squirrel Cuckoo

Floodplain forest

13

(table cont’d.)
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Latin name

English name

Habitat

Sample
size

Phaethornis hispidus

White-bearded Hermit

Floodplain forest

11

Megascops choliba

Tropical Screech-Owl

Floodplain forest

13

Glaucidium brasilianum

Ferruginous Pygmy-Owl

Floodplain forest

13

Monasa nigrifrons

Black-fronted Nunbird

Floodplain forest

12

Celeus flavus

Cream-colored Woodpecker

Floodplain forest

11

Campephilus melanoleucos

Crimson-crested Woodpecker

Floodplain forest

12

Trogon collaris

Collared Trogon

Floodplain forest

12

Myrmoborus leucophrys

White-browed Antbird

Floodplain forest

11

Myrmelastes hyperythrus

Plumbeous Antbird

Floodplain forest

11

Hylophylax punctulatus

Spot-backed Antbird

Floodplain forest

11

Formicarius analis

Black-faced Antthrush

Floodplain forest

12

Xiphorhynchus obsoletus

Striped Woodcreeper

Floodplain forest

11

Synallaxis gujanensis

Plain-crowned Spinetail

Floodplain forest

11

Pipra filicauda/
fasciicauda/aureola

White-tailed/Band-tailed/
Crimson-hooded Manakins

Floodplain forest

11

Schiffornis major

Varzea Schiffornis

Floodplain forest

11

Cantorchilus leucotis

Buff-breasted Wren

Floodplain forest

12

Loriotus luctuosus

White-shouldered Tanager

Floodplain forest

12

Saltator coerulescens

Blue-gray Saltator

Floodplain forest

13

Crypturellus variegatus

Variegated Tinamou

Upland forest

11

Piaya melanogaster

Black-bellied Cuckoo

Upland forest

11

(table cont’d.)
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Habitat

Sample
size

Phaethornis bourcieri/philippii Straight-billed/Needle-billed
Hermits

Upland forest

11

Megascops watsonii

Tawny-bellied Screech-Owl

Upland forest

11

Glaucidium hardyi

Amazonian Pygmy-Owl

Upland forest

11

Monasa morphoeus/atra

White-fronted/Black Nunbirds

Upland forest

11

Celeus grammicus/undatus

Scaly-breasted/Waved
Woodpeckers

Upland forest

11

Campephilus rubricollis

Red-necked Woodpecker

Upland forest

11

Trogon rufus

Black-throated Trogon

Upland forest

13

Myrmoborus myotherinus

Black-faced Antbird

Upland forest

11

Hafferia fortis

Sooty Antbird

Upland forest

11

Hylophylax naevius

Dot-backed Antbird

Upland forest

11

Formicarius colma

Rufous-capped Antthrush

Upland forest

12

Xiphorhynchus elegans/spixii

Elegant/Spix's Woodcreepers

Upland forest

11

Synallaxis rutilans

Ruddy Spinetail

Upland forest

11

Ceratopipra erythrocephala/
rubrocapilla/chloromeros

Red-headed/Golden-headed/
Round-tailed Manakins

Upland forest

13

Schiffornis turdina

Brown-winged Schiffornis

Upland forest

13

Pheugopedius
coraya/genibarbis

Coraya/Whiskered Wrens

Upland forest

12

Loriotus cristatus

Flame-crested Tanager

Upland forest

12

Saltator grossus

Slate-colored Grosbeak

Upland forest

12

Latin name

English name

Total

598
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To confirm the identification of samples I used the Phyluce 1.6.7 (Faircloth 2015) tool
match_contigs_to_barcodes to match contigs from each sample to a mitochondrial COI barcode
sequence of each species obtained from GenBank (Table B.2) and map those contigs against the
Barcode of Life Database (BOLD; Ratnasingham and Hebert 2007). I used the Phyluce tool
get_trinity_coverage to calculate per-contig coverage, and extracted those contigs matching
UCE probes and mitochondrial loci. I removed potentially misidentified or contaminated
samples from the dataset where mitochondrial contigs matched the incorrect species and also
where mitochondrial contigs matched multiple species in BOLD with high coverage (greater
than two standard deviations above the mean mitochondrial coverage; Figure B.35). Some
mitochondrial contigs that matched the incorrect species in BOLD were sequenced at a low
coverage (less than two standard deviations below the mean mitochondrial coverage),
indicating either inaccurate matches to mitochondrial barcodes due to poor assembly or low
levels of contamination. Within each sequencing lane, I minimized the possibility of
contamination of UCE contigs by using the maximum coverage value of these low-coverage
mitochondrial contigs as a filter and removed UCE contigs with mean coverage below that
threshold.
To phase UCE loci, I selected as a reference the individual for each species that
contained the greatest number of UCE loci after filtering and re-assembled contigs for these
individuals with Itero (https://github.com/faircloth-lab/itero) to increase the number of loci
recovered. I removed low-coverage UCE contigs from these reference individuals using the
same threshold as with the SPAdes assemblies. After aligning and edge-trimming the itero
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assemblies across species to standardize locus length, I phased UCE loci within each species
using the seqcap_pop pipeline (https://github.com/mgharvey/seqcap_pop; Faircloth 2015,
Harvey et al. 2016) to obtain a Single Nucleotide Polymorphism (SNP) dataset. The seqcap_pop
pipeline utilizes tools from the Phyluce package (Faircloth 2015), SAMtools 0.1.19 (Li et al.
2009), Picard (Broad Institute, Cambridge, MA), BWA 0.7.17 (Li and Durbin 2009), and GATK
3.3.0 (McKenna et al. 2010) to process next-generation sequence data for population-level
genetic analyses. Briefly, seqcap_pop maps sequencing reads to the reference individual to
obtain a pileup, adds read groups and marks PCR duplicate reads for each individual, merges
bam files within each species, calls indels and SNPs on merged bam files, and phases highquality indels and SNPs to produce vcf files of phased SNPs. I then filtered this dataset to
remove SNPs with quality scores less than 30 and read depth less than 9.5, those with greater
than 50% missing data, restricted to bi-allelic loci, and removed indels. Because this dataset
contains multiple SNPs per locus, I refer to this as the “linked SNP dataset”. I then sampled at
random one SNP per UCE locus to obtain the final SNP dataset for each species, which I refer to
as the “unlinked SNP dataset”. To obtain phased alignments I used Phyluce 1.6.7 (Faircloth
2015) to phase UCE loci following Andermann et al. (2019), phasing data within each species by
mapping reads against the reference individual using the Phyluce tools snp_bwa_align and
snp_phase_uces. This pipeline maps raw reads against contigs of a reference individual using
BWA 0.7.17 (Li and Durbin 2009) and then sorts and phases alleles in SAMtools 0.1.19 (Li et al.
2009) and Picard (Broad Institute, Cambridge, MA). I used MAFFT 7.130b (Katoh and Standley
2013) in Phyluce align_seqcap_align to align and edge-trim the contigs output by this pipeline,
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treating the two alleles as separate individuals and allowing ambiguous sites in alignments, to
produce a final 75% complete data matrix.
Mitochondrial data collection
I utilized off-target reads from the UCE sequencing to assemble mitochondrial genomes
in MITObim 1.9 (Hahn et al. 2013), which is a Perl wrapper for MIRA 4.0.2 (Chevreux et al.
1999), using as a reference the complete mitochondrial genome of the most closely related
species available on GenBank (Table S2) and the --quick option. I annotated the assembled
mitochondrial genomes using the MITOchondrial genome annotation Server (MITOS) 2 (Bernt
et al. 2013) and aligned the 13 protein-coding genes in MAFFT 1.3.7 (Katoh et al. 2002)
implemented in Geneious 10.2.3 (https://www.geneious.com) to create a final partitioned
alignment for each species.
Phylogenetic analyses
For each of the 57 species I estimated a phylogenetic tree in RAxML 8.2.12 (Stamatakis
2014) using the concatenated phased UCE alignments, a GTR + γ model of rate variation, the
autoMRE bootstrapping criterion, 20 runs on distinct starting trees, and a closely related
species as an outgroup (Table B.1). I also estimated a phylogenetic tree for all species by
selecting a single individual in each species that had the greatest number of assembled loci
after filtering and aligning those samples in MAFFT 7.130b (Katoh and Standley 2013)
implemented in the Phyluce tool align_seqcap_align, and the same RAxML settings. This tree
was rooted on the branch leading to the two species of tinamou, as the Palaeognathae is well
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documented as the sister group of Neognathae (Jarvis 2014, Prum et al. 2015). Trees were
visualized in FigTree 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree; Figure B.36).
For each species I estimated an unrooted gene tree for each UCE locus in RAxML 8.2.10
(Stamatakis, 2014) using a GTR + γ finite-sites model of sequence evolution. I calculated the
average root-to-tip distance for each resulting gene tree in R (R Core Team 2013), using the
nodeHeights function in phytools (Revell 2012). I report the average gene tree depth across all
UCE gene trees.
For each species I estimated the best partitioning scheme for the mitochondrial genome
alignment in PartitionFinder 2.1.1 (Lanfear et al. 2016), providing an initial partitioning scheme
of all genes partitioned separately by codon position, and analyzing only the models available in
RAxML using the greedy algorithm. I used the resulting partitions and the estimated overall best
model of rate variation to estimate a phylogenetic tree in RAxML 8.2.10 (Stamatakis 2014) using
the autoMRE bootstrapping criterion and 20 runs on distinct starting trees. The resulting trees
were visualized in FigTree 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree). For the
mitochondrial gene tree, I calculated tree depth in R (R Core Team 2013), using the nodeHeights
function in phytools (Revell 2012).
Population genetic analyses
To quantify patterns of population structure within species and to assign
individuals to populations, I used four methods that each rely on a different analytical
clustering framework; STRUCTURE (Pritchard et al. 2000), DAPC (Jombart et al. 2010), sNMF
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(Frichot et al. 2014), and BAPS (Corander et al. 2003). For the latter three methods I analyzed
the unlinked SNP dataset to minimize biases resulting from linkage of SNPs.
For STRUCTURE analyses I analyzed the linked SNP dataset and implemented the linked
model, providing the distance in base pairs between SNPs within each locus. I selected the best
K value based on the method of Evanno (Evanno et al. 2005). In cases where an individual was
assigned to multiple populations (i.e. admixed), I assigned that individual to the population with
the greatest percentage assignment for downstream analyses.
Discriminant analysis of Principal Components (DAPC) uses sequential k-means
clustering of principal components to infer the number of genetic clusters in the dataset. I
conducted a DAPC analysis in adegenet (Jombart and Ahmed 2011), following the
recommendations of Jombart et al. (2010) and selected the best number of clusters based on
the lowest Bayesian Information Criterion (BIC) score. In addition, I conducted a Principal
Components Analysis (PCA) for visualization purposes, with samples coded by DAPC group
assignments (Figures B.2–B.33).
Bayesian Analysis of Population Structure (BAPS) utilizes a Bayesian model to estimate
the genetic population structure in multiallelic datasets. It has the advantage of being fast even
for many thousands of molecular markers. I conducted a genetic mixture analysis on the
unlinked SNP dataset, conducting 80 runs on all values of K from one through ten, and selected
the optimal K value based on the log of the marginal likelihood of the resulting partitions.
In addition to the above clustering methods, I calculated two metrics that quantify the
degree of population structure within a population; the uncorrected p-distance (dxy) and the
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fixation index (Fst). I calculated these by taking the distance between the two alleles for each
locus, and reporting the average across all loci. I calculated Fst as the Jukes-Cantor distance
between all individuals of each species (Jukes and Cantor 1969).
I calculated summary statistics that describe genetic variation within each species. I
used Dendropy 4.2.0 (Sukumaran and Holder 2010) to estimate nucleotide diversity, mutationscaled effective population size (Watterson’s Theta; θ), and Tajima’s D (a measure of selection).
Additionally, I report the average number of SNPs per base pair, the observed heterozygosity,
and the length of the phased UCE alignments as summary statistics of genetic variation.
Based on previous predictions (Aleixo 2006, Brumfield and Edwards 2007) and a visual
assessment of the phylogenetic position of riverine island birds in a recent species level
phylogeny of suboscine birds (Harvey et al. 2020) I found that riverine island birds tend to be
found on long branches sister to species-rich clades, a possible long-term evolutionary effect of
low population structure. To test this, I extracted the stem age of each species as the
divergence time from the sister clade or species in the R package phytools (Revell 2012). I
restricted this analysis to suboscine species and utilized the phylogeny of Harvey et al. (2020).
I tested for differences in each genetic variable across habitat categories with one-way
ANOVAs accounting for phylogenetic covariation in the R package phytools (Revell 2012). I logtransformed all variables and provided as an input these variables and the phylogenetic tree
estimated from one individual of each species. For each genetic variable I independently tested
for an association between the three habitats. I ran all ANOVAs with and without the riverine
generalist species Ochthornis littoralis.
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Next, I tested for correlations between increasing habitat stability and increasing genetic
structure with phylogenetic generalized least squares (PGLS) regressions in the R package caper
(Orme et al. 2013). I categorized habitats according to my hypothesized pattern of increasing
spatial structuring and stability with use of dummy variables in the model; with riverine islands
= 0, floodplain forest = 1, and upland forest = 2. As with the phylogenetic ANOVAs, I logtransformed each variable and ran analyses with and without the riverine generalist species
Ochthornis littoralis.
Dispersal ability
No direct measures of dispersal ability are available for most Amazonian bird species,
including most species in this study. Natal dispersal in particular is likely of greatest importance
in predicting genetic connectivity, as it results in the establishment of breeding individuals.
Other predictors of dispersal ability, such as migration distance, are not applicable here as all
the species in this study are non-migratory (Billerman et al. 2020). Due to a lack of natural
history data for most Amazonian birds, other proxies for dispersal such as territory type are
unavailable for all species. The hand-wing index (HWI; Kipp 1959), however, is often used as a
proxy for dispersal ability and is obtainable from standard museum skins (Claramunt et al.
2012). HWI approximates the aspect ratio of a wing, a measure of flight ability. I calculated the
HWI as:

!"# = (' / " ) ∗ 100
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where W is the wing chord and K is the Kipp’s distance, which is the distance from the carpal
joint to the outermost secondary feather (S1). Lower values indicate shorter, rounder wings less
effective for flight, while larger values indicate longer, pointier wings more effective for flight.
The HWI has been shown to be correlated with dispersal ability and habitat across bird species
(Sheard et al. 2020) and is correlated with foraging stratum (Marchetti et al. 1995, Burney and
Brumfield 2009), supporting its utility in this study. I obtained measures of the HWI from all
study species from the AVONET database (Tobias et al. in press), with an average of 17.3 (SE:
2.9) individuals per species or species group, and used the average across all individuals from
each species or species group. I tested for differences across habitats using the same
phylogenetic ANOVA and PGLS methods described above. A boxplot of HWI (Figure 3.4) showed
a cluster of outliers with high HWI from all habitats, representing species like hummingbirds
and trogons that have wing shapes distinctly different from the majority of birds in this study
(Passeriformes). I therefore re-ran the HWI ANOVAs separately for species with HWI greater
than and less than 30.
RESULTS
Sequencing results
The data of riverine island birds newly sequenced for this study contained 145 samples
of 18 species from 86 localities (Table 3.1, Table B.1), plus an additional 25 samples of closely
related species for use as outgroups. The samples of upland forest and flooded forest species
from Harvey et al. (2017b) brought my final dataset to 636 samples of 66 species (Table 3.1).
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The final dataset, including outgroup samples, contained 757.5 million reads before
subsampling and trimming. Forty-four samples were removed due to failed sequencing,
misidentification, potential contamination, or an excess of single copy alleles (Table B.3),
leaving 592 samples used in the analyses. The phased UCE alignments contained an average of
2,074 loci per species (range 1,852-2,204), with an average locus length of 594 base pairs (bp;
range 111-1,205 bp), and a total of 1.37 billion bp of DNA. I obtained complete or nearlycomplete mitochondrial genomes for 574 samples (97% of samples), and an average
mitochondrial genome length of 17,174 bp (range 16,109–19,520 bp). The alignments of 13
mitochondrial protein-coding genes were an average of 11,414 bp in length (range 11,124–
11,663 bp). The linked SNP dataset contained an average of 6,827 SNPs per species (range
1,430-14,067) and the unlinked SNP dataset contained an average of 1,714 SNPs per species
(range 859-2,074). The number of loci recovered did not differ among habitats (Figure B.1I), but
the contig length and total number of base pairs recovered was higher in riverine island
samples (Figure B.1J-K).
Population structure
Across all population clustering analyses, riverine island birds consistently showed less
range-wide population structure than species from either upland or floodplain forests (Figure
3.3, Figure B.1). Phylogenetic ANOVAs revealed significant differences in population structure
and genetic variation between habitat types for 11 genetic variables (Table 3.2, Figure B.1).
PGLS analyses showed significant positive correlations for 12 genetic variables and habitat,
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when habitats were ordered by increasing spatial structure and complexity (riverine islands ->
floodplain forest -> upland forest; Table 3.3).
The genetic variables with the strongest associations across habitats and with increasing
habitat stability were the fixation index (Fst; one-way ANOVA F = 37.55, P < 0.001; Figure 3.3;
Table 3.2; Table 3.3) and three variables related to the number of SNPs (one-way ANOVAs F ~
20–30, P < 0.001; Table 3.2, Table 3.3). The remaining genetic parameters with significant
positive correlations with genetic structure all had F values in one-way ANOVAs less than 15,
indicating a weaker relationship across habitats. The average number of genetic groups, a
measure of population clusters, and Tajima’s D, a measure of selection, showed no significant
association across habitats. Some genetic parameters measuring sequence divergence (e.g. Dxy,
nucleotide diversity, and average pairwise differences) and effective population size
(Watterson’s θ), showed no differences across habitats when analyzing across-habitat variance
with phylogenetic ANOVAs (Figure B.1 B,C,E,F; Table 3.2), but showed strong associations with
increasing habitat stability in boxplots and PGLS analyses (Table 3.3; Figure B.1). Significance
levels for ANOVAs and post-hoc tests for each parameter are shown in Table 3.2, results from
PGLS for each genetic parameter are in Table 3.3, and boxplots for all variables across habitat
are in Figure B.1.
A phylogenetic ANOVA for the HWI revealed no significant difference across any habitat
comparison (F = 0.52, P = 0.59; Figure 3.4), regardless of the inclusion of the riverine generalist
species Ochthornis littoralis. Separately filtering to species with a HWI < 30 likewise did not
have an effect on significance of the phylogenetic ANOVA for any habitat comparison (Figure
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Figure 3.3. The Fixation Index (Fst) is highly correlated with habitat type and was the
strongest predictor of habitat association in this study. The p-value and estimate
(slope) are from the phylogenetic generalized least squares (PGLS) regression with
habitats ordered by increasing complexity (ordered as in this plot). Fst was also
significantly different across habitats in phylogenetic one-way ANOVA. The point in red
is the riverine generalist species Ochthornis littoralis, which was not included in
phylogenetic analyses, but included here for reference. All pairwise habitat level
comparisons were significantly different in Holm’s post-hoc t-tests (see Table 3.2).
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Figure 3.4. The Hand-wing index (HWI) is not correlated with habitat type. The p-value
and estimate are from the phylogenetic generalized least squares (PGLS) regression
with habitats ordered by increasing complexity (ordered as in this plot). HWI was not
significantly different across habitats in phylogenetic one-way ANOVA. The point in red
is the riverine generalist species Ochthornis littoralis, which was not included in
phylogenetic analyses, but included here for reference. No pairwise habitat level
comparisons were significantly different in Holm’s post-hoc t-tests (see Table 3.2).
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Table 3.2. Phylogenetic one-way ANOVAs for each population genetic, dispersal, and
summary statistic showing differences across habitat categories. These results exclude
the generalist species Ochthornis littoralis. P values < 0.05 are indicated in bold.
Habitat-specific contrasts are Holm’s post-hoc t-tests with p values adjusted for
multiple comparisons (Holm 1979).
ANOVA

Island vs
Floodplain

Island vs
Upland

Floodplain
vs Upland
|t|

Trait

F

P

|t|

P

|t|

Fst

37.55

0.001

5.76

0.003

8.58 0.003

2.99 0.003

SNPs

19.98

0.001

4.80

0.003

6.09 0.003

1.36 0.003

SNPs per locus

21.52

0.001

4.95

0.003

6.33 0.003

1.46 0.003

SNPs per base pair

27.98

0.001

5.75

0.003

7.17 0.003

1.51 0.003

Tajima's D

14.49

0.001

4.95

0.003

4.52 0.003

0.45 0.207

Total base pairs

86.91

0.001

11.51 0.003

11.74 0.003

0.24 0.471

Contig length

89.94

0.001

11.93 0.003

11.73 0.003

0.21 0.550

Segregating sites per base pair 7.62

0.001

2.85

0.024

3.80 0.003

1.01 0.024

mtDNA tree length

11.24

0.001

1.97

0.162

4.65 0.003

2.95 0.003

UCE gene tree length

5.97

0.002

2.14

0.079

3.45 0.003

1.39 0.004

Segregating sites

3.46

0.061

1.79

0.170

2.60 0.072

0.86 0.072

Average genetic groups

3.15

0.070

1.68

0.197

2.48 0.090

0.85 0.087

Loci

2.80

0.112

1.55

0.260

2.35 0.116

0.84 0.099

Dxy

2.27

0.134

1.94

0.232

0.33 0.792

1.70 0.003

Theta

2.32

0.136

1.33

0.324

2.15 0.178

0.87 0.087

Nucleotide diversity

2.47

0.138

1.05

0.441

2.21 0.130

1.23 0.009

Pairwise differences

0.58

0.537

0.02

1.000

0.89 1.000

0.96 0.042

HWI

0.50

0.554

0.41

0.924

0.98 0.924

0.61 0.303
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P

P

Table 3.3. Phylogenetic generalized least squares (PGLS) regressions showing
correlations between each population genetic, dispersal, and summary statistic and
increasing habitat stability. Increasing habitat stability was ordered in the form: riverine
islands -> floodplain forest -> upland forest. These results exclude the generalist species
Ochthornis littoralis. P values < 0.05 are indicated in bold.

Trait

Estimate

P

t

Fst

1.65

<0.001

6.57

SNPs

0.43

<0.001

5.39

SNPs per locus

0.44

<0.001

5.54

SNPs per base pair

0.48

<0.001

5.80

Tajima's D

-0.02

0.79

0.27

Total base pairs

-0.05

<0.001

-4.09

Contig length

-0.04

<0.001

-3.55

Segregating sites per base pair

0.23

0.0087

2.72

mtDNA tree length

1.33

<0.001

6.37

UCE gene tree length

0.25

<0.001

4.02

Segregating sites

0.18

0.030

2.23

Average genetic groups

0.09

0.19

1.33

Loci

-0.01

0.097

-1.69

Dxy

0.11

0.024

2.33

Theta

0.15

0.041

2.09

Nucleotide diversity

0.18

0.0043

2.98

Pairwise differences

0.13

0.036

2.15

HWI

0.05

0.13

1.53
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3.3T). PGLS analysis of the HWI showed no significant correlation with increasing habitat
stability (P = 0.13, t = 1.53), and a low positive estimate (slope) of 0.05.
Including the riverine generalist species Ochthornis littoralis in phylogenetic ANOVAs
and PGLS had no effect on the significance of most models or for post-hoc habitat-level
comparisons. The sole genetic parameter that changed significance in phylogenetic ANOVAs
with the inclusion of Ochthornis littoralis was the number of segregating sites, which was
significant in the overall ANOVA (F = 3.88, P = 0.043), but not for any post-hoc habitat-level
comparisons. The phylogenetic ANOVA for stem branch length was not significant for any
habitat comparison (F = 0.61, P = 0.40; Figure 3.3P).
DISCUSSION
I found that habitat association of Amazonian birds reliably predicts genetic structure,
and by extension dispersal ability. Specifically, I found a significantly higher degree of
population structure with increasing habitat stability. Although genetic structure was positively
correlated with increasing habitat stability, the only morphological measure of dispersal, the
hand-wing index (HWI), showed no correlation with habitat association.
Species in ephemeral habitats have low population structure
My main finding was that species found in riverine habitats, and particularly in
ephemeral riverine islands, have lower population genetic structure than species in more
geographically stable and extensive forested habitats. This indicates that species in riverine
habitats have higher dispersal abilities that then translate to lower population genetic
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structure. This corroborates the findings of Harvey et al. (2017c), who showed that there were
consistent differences in genetic structure between birds in two forested Amazonian habitats. I
extended the pattern to include an additional more ephemeral habitat; riverine islands. These
islands are ephemeral on human timescales, a drastic difference from the overall habitat
stability thought to predominate in other habitats over comparable timescales (Pupim et al.
2019). Because riverine islands are the novel addition to this study in comparison to previous
works on the topic (Bates et al. 2003, Burney and Brumfield, 2009, Harvey et al. 2017c), I
discuss my results both in an overall context and in relation to riverine islands specifically.
Consistent with the assertion that greater dispersal drives lower population genetic
structure, is my finding that the fixation index, Fst, was the strongest predictor of habitat. Low
Fst values are closely tied to higher migration rate under an island model (Levin 1974). In fact,
despite violating some of the theoretical assumptions necessary for directly calculating
migration rates, Fst is frequently used as a strong predictor of genetic migration rates (e.g. Spies
et al. 2018). Therefore, my finding that Fst was a strong predictor of habitat association points
to greater dispersal ability, and thus gene flow, explaining the differences in genetic structure
across habitats.
The precise genetic parameters that explained differences in habitat association reveal
interesting patterns. Because more genetic parameters differed in post-hoc comparisons
between island and upland forests than between island and floodplain forests, this suggests
that the linear habitat distribution shared by riverine islands and floodplain forests does
partially explain differences in population structure across habitats. In particular, branch
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lengths of mitochondrial and UCE gene trees differed between upland and both island and
floodplain birds, but not between floodplain and island birds, suggesting a stronger effect of
habitat linearity on these parameters, rather than riverine island habitat per se. However, many
genetic parameters were significantly different between island and floodplain bird species,
indicating that habitat linearity alone does not explain population genetic structure. The
number of SNPs and the number of segregating sites showed significantly lower degree of
structure in riverine island birds than in either of the forested habitats. Tajima’s D, a measure of
selection, was the sole trait that was significantly higher in island birds than the other two
habitats, but none of the habitat-level averages were less than the ∓2.0 threshold for Tajima’s
D typically used to consider selection having a significant effect. This again points to habitat
level differences in genetic structure, perhaps with greater similarity between the two riverine
habitats analyzed here.
Várzea habitat shares the linear distribution of riverine islands, but covers a greater
geographic area (Hess et al. 2015) and thus presumably holds larger avian population sizes.
Upland forest, in contrast, covers greater area (Hess et al. 2015) than either of the riverine
habitats and presumably holds even larger avian population sizes. Supporting this assertion is
the result that effective population size (Watterson’s θ) showed a significant positive
association with habitat stability in PGLS analyses. In other words, species in riverine islands
have lower population sizes than those in upland forests. This relationship was not significant,
however, in the phylogenetic one-way ANOVA. Thus, while they may explain some of the
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differences, it is unlikely that linear distributions alone can explain the lower population genetic
measures, and point towards lower population sizes as a potential explanatory factor.
The lack of a relationship between habitat and stem branch length lends no support to
Aleixo’s (2006) hypothesis that riverine species sit on longer species-poor branches in
phylogenetic trees in comparison to upland forest species. However, an outlier in this analysis
was the generalist riverine species Ochthornis littoralis, which was on a considerably longer
branch than any other species in my dataset. Therefore, I cannot discount the possibility that
this pattern may be prevalent in generalist riverine species, but it does not appear to be the
case for species in the riverine habitats that I studied here, namely riverine islands and
floodplain várzea forests.
On a finer scale, my findings agree with those reported by Choueri et al. (2017) and
Thom et al. (2020) for the three riverine island species shared with the present study (i.e. I
found similar levels of genetic structure for those three species). However, those shared species
are a biased subsample of riverine island birds, in that all showed a higher degree of genetic
structure than most other riverine island bird species in my study, often extremely so. Two of
the three species shared with my study, Thamnophilus cryptoleucus/nigrocinereus and
Myrmoborus lugubris, are outliers in my data. This is especially apparent for the average
number of genetic clusters parameter (Figure B.1L), and these outlier species are likely driving
the lack of a significant difference between riverine and forested habitats for this genetic
parameter. When considering the full breadth of riverine island bird diversity, as I have done
here, I find strong evidence for low genetic structure and high genetic connectivity across the
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entirety of the Amazon Basin for species in this habitat, contrary to the results of both Choueri
et al. (2017) and Thom et al. (2020). This low population structure is especially pronounced for
both the fixation index, Fst, and for the rapidly evolving mitogenome (Figure B.1A,R). In fact, for
the extreme case of Mazaria propinqua I found nearly identical mitogenome sequences across
all samples, including those from localities on opposite ends of the Amazon Basin as much as
2,000 km distant. This lends support to the hypothesis that the combined effect of the
ephemeral nature and linear distribution of riverine islands leads to especially low population
genetic structure in the specialist riverine island bird species.
Dispersal ability as an explanatory mechanism
While even neutral SNPs can go rapidly to fixation in small populations (Kimura and
Ohta 1969), this requires high connectivity between metapopulations (Slatkin 1981). Thus, the
lower population sizes I find in riverine island birds require high connectivity across the Amazon
Basin to explain my results. However, the measure of dispersal that I analyzed, the HWI, did not
differ across habitats. Either HWI is a poor measure of dispersal ability in riverine island birds,
or these species maintain population connectivity despite low dispersal ability. One possible
mechanism for this result is a lack of barriers to dispersal in riverine island ecosystems. In terra
firme species, rivers present a very strong barrier to dispersal (Capparella 1991), thus even if a
terra firme bird species is able to disperse rapidly through an interfluve, if it is unable to cross a
hard barrier such as a river that dispersal ability will not translate to genetic connectivity
between populations. A lack of such a barrier in riverine island birds would then lead to high
genetic connectivity with equivalent species-level dispersal ability.
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Alternatively, Burney and Brumfield (2009) showed that canopy vs understory foraging
syndromes predicted dispersal ability, and Miller et al. (2021) found that diet likewise predicted
dispersal ability. Neither of these variables were accounted for here, and may obfuscate
habitat-level differences. If, as I have discussed previously, population genetic structure is
simply a proxy for dispersal ability, the significant effect I found with regards to population
genetic structure merely indicates that HWI is a poor measure of dispersal ability in this case.
Pointing towards this as a possibility is a record of the riverine island specialist, Mazaria
propinqua, from the Oyapok River in French Guiana (Ingels et al. 2012) suggests that at least
this species is capable of long-distance dispersal events. The nearest known population is in the
Amazon River delta, 265 km to the south (Aguiar et al. 2010).
A confounding factor in the above described patterns are deviations from HardyWeinberg Equilibrium (HWE; Hardy 1908, Weinberg 1908), which describe the expected allele
frequencies in a panmictic population of infinite size with random mating, and are the basis for
many population genetics models. Deviations from HWE proportions may occur because of
gene flow or population structure, the factors that I am interested in here, but may also be due
to selection, genetic drift, and population bottlenecks, among others (Wang and Shete 2012).
Each of these potentially confounding factors may influence the results presented here if that
factor has a greater influence on species residing in specific habitats. For example, smaller
population sizes of species in riverine islands may allow for greater influence of genetic drift.
The influence of these potentially confounding factors requires further investigation.
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Genetic differentiation is possible in ephemeral riverine habitats
Although I found significantly lower population genetic structure in species from the
most ephemeral habitat, Amazonian riverine islands, some outlier species in this habitat did
show higher genetic structure, especially Thamnophilus nigrocinereus/cryptoleucus,
Myrmoborus lugubris, and Knipolegus orenocensis (see Appendix B). This agrees with the results
of Choueri et al. (2017) and Thom et al. (2020) for the former two species. The geographic
location of most genetic breaks in this habitat points to water type, especially black-water vs
white-water, as presenting a dispersal barrier for riverine island birds. The majority of
population breaks in riverine island birds are found across the transition in water type at the
meeting of the Negro and Solimões rivers. Most riverine island species that show limited
population structure are restricted solely to white-water river systems in the Amazon Basin and
are not found in black-water island habitats, further supporting water type as a barrier to
dispersal in riverine island birds. Other population breaks in riverine island birds occur between
largely disconnected river systems such as the Amazon, Xingu, and Orinoco Basins, as is found
in Knipolegus orenocensis.
However, Thom et al. (2020) suggested that this mid-Amazonian dispersal barrier in
floodplain birds was likely due to Quaternary fluctuations in rainfall that differentially changed
river output and sediment flows in the eastern and western Amazon, influencing the extent and
type of floodplain habitats between the western and eastern Amazon Basin. This effect would
then be shared between floodplain várzea and riverine island species due to their shared
association with riverine habitats, a pattern not seen across all species in my study. A similar
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east-west divergence pattern has been reported for tree species in Amazonian floodplains
(Albernaz et al. 2012), again suggesting habitat-level effects.
An alternative explanation for this barrier to dispersal, at least in riverine islands, comes
from studies of the fluvial geomorphology. Data from geological core samples of black-water
riverine islands in the Rio Negro (Latrubesse and Franzinelli 2005) shows that these islands
formed during the mid to late Holocene in waters with higher silt load than observed today,
perhaps similar (or identical) to the conditions that form white-water islands. After changes in
vegetation at the headwaters of the Rio Negro decreased silt load in the river, the black-water
islands took on their current, more stable, form. Radiocarbon dating of decaying vegetative
matter from these core samples places the shift from a white-water to a black-water syndrome
at 1,000 years BP (Latrubesse and Franzinelli 2005). Thus, while individual black-water riverine
islands are considerably older and more stable than those in white-water rivers (see Figure 1),
the overall age of this habitat is very recent. These kinds of data are lacking for white-water
islands of the Amazon, but the old divergence times of white-water island birds suggest that
this habitat has been present for considerably longer. Some taxa currently found in black-water
systems, such as Thamnophilus nigrocinereus cinereoniger and Cranioleuca vulpina, have
populations elsewhere in the Guiana Shield that could have colonized black-water islands
following this shift in water type and concurrent shift in vegetation on the riverine islands. This
would have placed these species in secondary contact with congeneric species on nearby whitewater islands in the main stem of the Amazon River, a pattern seen today. In the case of the
Thamnophilus this has resulted in hybridization with T. cryptoleucus, while in the Cranioleuca
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the two species abruptly replace each other across the transition in water type (B. Whitney
pers. comm.). This hypothesis remains to be tested.
Although I hypothesized that riverine species, and riverine island species in particular,
have lower population genetic structure due to the habitat ephemerality (and therefore
dispersal ability) over human timescales, there is geological evidence that Amazonian riverine
habitats in general have varied in extent over short evolutionary timescales. Using geological
data, Passos et al. (2019) showed that the classification and extent of the main stem of the
Amazon River has undergone multiple and extensive fluctuations within the last 200,000 years,
which certainly affected the extent of both várzea and riverine island habitats. This implies that
species would have had to track moving habitat over these time scales, selecting for greater
dispersal ability and producing lower population structure.
Future directions and confounding factors
In the present study I included one generalist riverine suboscine bird, Ochthornis
littoralis, not strictly associated with islands. Population genetic results from this species closely
agree with those from the majority of riverine birds (Figure B.26, Figure B.27) in showing
limited population structure throughout its distribution, as do other generalist riverine species
from previous studies, including Hypocnemoides melanopogon (Choueri et al. 2017), Chrysomus
icterocephalus, (Cadena et al. 2011), and Xiphorhynchus obsoletus (Aleixo 2006). Because
Choueri et al. (2017) compared their results to some of the riverine island specialists showing
the greatest intra-Amazonian population structure (according to this study), they concluded
that generalist riverine species show lower population structure than riverine island species.
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However, when considering a broader selection of riverine island species, as I have done here,
the results from both the generalist riverine species are more similar to those of the riverine
island species. Comprehensive population-level genetic surveys of generalist riverine species
are lacking, and thus it is necessary to sample more species to formally test for differences
between generalist and specialist riverine species. However, these preliminary results suggest
that riverine species share low population genetic structure regardless of habitat specialization.
Of concern is that both contig length and total number of base pairs in concatenated
alignments were higher in riverine island birds, while these metrics were similar between
floodplain and upland forest species. This is likely attributable to different laboratory or
sequencing methods used by Harvey et al. (2017b) compared to the samples sequenced for this
study, despite the fact that I used identical bioinformatics procedures for all samples in order to
mitigate such effects. However, because the flanking regions of UCEs contain more variable
sites (Faircloth et al. 2012), longer contigs should contain greater genetic variation, thus making
my estimates of lower population genetic structure in riverine island birds a conservative
estimate in comparison to those from forested habitats sequenced by Harvey et al. (2017b).
Although I have attempted to obtain genetic data from as many riverine island bird
species as possible, many sampling gaps remain that warrant further research. Two range
restricted riverine island species lack genetic samples in my data, namely Cercomacra
carbonaria of the Rio Branco and Synallaxis beverlyae of the Rio Orinoco. Likewise, a population
of Stigmatura cf. napensis exists in the Rio Orinoco (Hilty and Ascanio 2009) but genetic
samples are necessary to clarify its taxonomic affinities and genetic structure. I was able to
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obtain only two samples of Elaenia pelzelni for this study, which is insufficient for population
level analysis. Broader species and population sampling of these poorly known species is
necessary for further research, although recent advances have been made in some cases (Naka
et al. 2019).
The few riverine island species for which I found higher levels of population structure
are, as expected, the species with elevated amounts of morphological variation in the form of
described subspecies. This supports the use of plumage as a proxy for the degree of genetic
structure in cases where genetic data are not available. Alternatively, some of these genetically
distinctive populations that correspond to morphological breaks may be better considered
species in their own right, but data from signaling traits such as song and plumage are
necessary to make such an assessment.
I show that birds in riverine habitats of the Amazon Basin follow an evolutionary
trajectory distinct from species in forested habitats, a trajectory characterized by high
population connectivity and low genetic structure. Because genetic structure has been shown
to positively influence speciation rates (Harvey et al. 2017a) this shows that the habitat in which
these species occur impacts their long-term evolutionary trajectories. This work helps to
understand the drivers of speciation and the origins of riverine avifauna, and thus provide a
better understanding of how riverine habitats, such as riverine islands, contribute to Amazonian
biodiversity.
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CHAPTER 4. THE TEMPORAL AND ECOLOGICAL
DYNAMICS OF THE TRANSITION TO
SYMPATRY IN SUBOSCINE PASSERINES
INTRODUCTION
Biological species richness arises through the speciation cycle (Price 2008; Figure 1.1). In
its simplest form, the cycle is an iterative 3-step process, beginning with populations of a
species becoming geographically isolated, then speciation occurring through development of
reproductive barriers, and ending with population expansion and, ultimately, secondary contact
and sympatry, i.e. overlapping distributions and coexistence (Tobias et al. 2020). The few
studies that have examined the timing of the speciation cycle have found that speciation occurs
relatively quickly, but that the transition to secondary sympatry is a protracted process
(Diamond 1975, Barraclough and Vogler 2000, Weir and Price 2011, Pigot and Tobias 2015). The
protracted nature of the transition to secondary sympatry is supported by the observation that
sympatric species have greater levels of genetic divergence than do allopatric species, and that
the species comprising local communities tend to be distantly related, although this
phylogenetic clustering may be scale-dependent (Webb 2000, Cavender-Bares et al. 2006,
Gómez et al. 2010). This points to the transition to secondary sympatry, rather than speciation,
as an important rate-limiting factor in the buildup of species communities over evolutionary
time.
The waiting time to sympatry is the amount of time elapsed between speciation and
secondary sympatry. A recent series of studies on the waiting time to sympatry laid the
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groundwork for an in-depth analysis of this process (Weir and Price 2011, Tobias et al. 2014,
Pigot and Tobias 2013, 2015, Pigot et al. 2018). The waiting time is influenced by a suite of
factors (Pigot and Tobias 2015), including niche availability, dispersal ability, competition,
latitude, and trait divergence (Weir and Price 2011, Pigot and Tobias 2013, 2015, Pigot et al.
2018). If reproductive barriers are incomplete, then hybridization also influences the waiting
time by preventing species from co-occurring. In birds, the waiting time to sympatry ranges, on
average, from as little as 1.7 million years (Ma) in highly dispersive temperate lineages to 14 Ma
in weakly dispersive tropical lineages (Weir and Price 2011, Pigot and Tobias 2015, Laiolo et al.
2017), but with most estimates in the range of 2 to 6 Ma (Pigot and Tobias 2015). Although
much recent work has focused on birds, there is considerable variation in the waiting times to
sympatry across vertebrates, being most rapid in reef fish and marine mammals, slowest in
primates, and intermediate in birds (Pigot and Tobias 2015).
The time to sympatry generally greatly exceeds the time to speciation; the time to
speciation in terrestrial vertebrates is between 1 to 3 Ma (Crouch 2021; a maximum bound
based on sister-species divergence times) and in birds is generally less than 2 Ma (McEntee et
al. 2018). However, the timing of speciation suffers from issues of identifiability, because it is
difficult to define the point at which speciation starts and when it ends. Does speciation start at
the point that a single species starts to subdivide via the gain of population structure, even if
gene flow is still present? Or, does speciation start at the divergence of loci used to estimate
bifurcating phylogenetic trees? In the latter case, these instantaneous divergence times are
expected to be older than the actual species divergence times if estimated under a coalescent
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process (Kingman 1982). Also problematic is that if divergent populations come back into
secondary contact and reproductive barriers are not yet complete, gene flow will “reset” the
divergence times estimated from genetic loci (Tobias et al. 2020).
Defining the cessation of speciation is also a murky process, depending on the definition
of what constitutes a species, a notoriously controversial topic (Mayr 1976, De Queiroz 2007).
To overcome these issues, many studies use divergence times extracted from phylogenetic
trees, with acknowledgement of the issues described above, or consider parapatry (abutting
geographic distributions) or sympatry without gene flow as an unambiguous end point of
speciation (e.g. McEntee et al. 2018). This latter definition approaches those used to estimate
the time to sympatry following speciation (e.g. Pigot and Tobias 2015). Regardless, a simple
stochastic model indicates that speciation in allopatry can take as little as 10,000 generations
(Yamaguchi and Iwasa 2013), and many empirical cases of rapid speciation have been found,
especially in island systems and adaptive radiations (Lerner et al. 2011, Lamichhaney et al.
2015). These studies corroborate the rapid pace of speciation relative to the attainment of
secondary sympatry.
Why it takes so long for secondary sympatry to occur is debated, but is likely due to the
fact that ecological divergence that allows co-existence and reproductive barriers that prevent
hybridization require a long time to evolve during allopatry. For most species that come into
secondary contact, extinction is the most likely outcome (the “ephemeral speciation
hypothesis”; Rosenblum et al. 2012). For those that are able to coexist in secondary sympatry,
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the question then becomes which factors allow them to coexist and did these factors evolve
prior to or after secondary contact.
Using a radiation of ~310 ovenbird species in the Neotropics, Tobias et al. (2014) found
that coexistence was due to ecological divergence that accrued during the period of geographic
isolation prior to secondary contact. Likewise, McEntee et al. (2018) showed that across birds,
pulses in trait divergence generally, though not exclusively, precede the attainment of
secondary sympatry. Crouch (2021) found that speciation rates were significantly higher in
allopatry than sympatry, which are likely correlated with higher rates of morphological
evolution (Rabosky et al. 2013). These results suggest that it is trait divergence prior to the
attainment of secondary sympatry that facilitates co-occurrence.
In contrast, macroevolutionary studies of trait evolution often seek to explain trait
differences or similarities as a result of character displacement via reinforcement of traits
related to resource acquisition (Dayan and Simberloff 2005, Chira et al. 2020, Anderson and
Weir 2021), with the inherent assumption that trait differences evolve specifically due to
interspecific competition after the attainment of secondary sympatry.
As an aside, it is worth noting that the literature on character displacement is
confounded by two definitions that refer to processes at two distinct scales. The first describes
character divergence at the species level by comparing levels of trait divergence between the
sympatric and the allopatric portions of the distributions of two (or more) species (Brown and
Wilson 1956). The second is at the level of a community and is assessed by making comparisons
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across multiple allopatric and sympatric species in a community or guild (Grant 1972) by
comparing species averages in trait values.
Character displacement at the level of species has been the subject of an extensive body
of research since the pioneering work of Hutchinson (1959), with studies finding mixed
evidence for character displacement, and with controversy about whether studies adequately
distinguished character displacement from processes such as coevolution, selection, aggression,
and species assortment that can produce similar patterns (Dayan and Simberloff 2005).
Regardless, evidence for character displacement at the species scale comes from a wide variety
of taxonomic groups, including reptiles (Losos 1994, Roughgarden 1995), amphibians (Adams
and Rohlf 2000), mammals (VanValkenburgh and Wayne 1994, Jones 1997), birds (Fjeldså
1983), and fish (Schluter and McPhail 1992, Schluter 1995, Schluter 2000).
Evidence for community-wide character displacement (sensu Grant 1972) has been
found across the tree of life, but the degree and directionality (i.e. convergence or divergence)
varies depending on the trait, taxonomic group, or geographic region analyzed (Grant and Grant
2006, Schluter and McPhail 1992, Tobias et al. 2014, Anderson and Weir 2021). For example,
there is evidence that the rapid transition to sympatry in temperate lineages drives increased
plumage divergence in seven bird families (Martin et al. 2009), but there is no evidence of
competitive interactions influencing morphological evolution across all bird species (Drury et al.
2021). Because traits are expected to diverge over time due to processes other than
interspecific interactions (McEntee et al. 2018), it is important to account for divergence time in
analyses of trait divergence. In one such study, after controlling for lineage age, the only
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significant morphological predictor of the transition to sympatry in the suboscine family
Furnariidae was convergence in song (Tobias et al. 2014), in contrast to previous studies that
found more widespread evidence of character divergence (Anderson and Weir 2021), or no
evidence of character divergence when not accounting for trait divergence relative to
divergence time (Monroe 2012).
After two species have regained sympatry, the dynamics of the fine-scale geographic
patterns of co-occurrence are poorly known. For example, two species may be entirely
sympatric, but because they occur in different habitats the species may never interact. It is
unclear whether species in the early stages of sympatry tend to be syntopic (occurring in the
same localities or habitat; also called “pure” sympatry) or allotopic (occurring in different
localities or habitat; also called “mosaic” sympatry) (Rivas 1964, Mallet et al. 2009). Data from a
pair of European Luscinia flycatchers suggest that interspecific competition in sympatry drives
habitat segregation such that species tend towards allotopy in the sympatric portions of their
range (Reif et al. 2017). On a broader scale, evidence from a selection of temperate-zone
European bird species shows that while sympatry is established after approximately 2 Ma, the
establishment of syntopy takes about twice that long (Laiolo et al. 2017), implying that
temperate species in the early stages of sympatry are predominantly allotopic. However,
despite robust bodies of research, links between broad-scale and fine-scale patterns of cooccurrence are largely lacking.
To prevent confusion, I use the umbrella term “co-occurrence” when referring to the
three categories of sympatry, syntopy, and allotopy together. I consider parapatry – species
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pairs with abutting distributions – to be a form of allopatry, as the majority of individuals are
not interacting and are assumed to not have a significant effect on individuals of the other
species.
The differences in patterns of morphological trait evolution expected between syntopic
and allotopic species is unclear. However, theoretical evidence suggests that ecological niche
conservatism is the predominant mode of evolution (Bradshaw 1991, Holt and Gaines 1992,
Warren et al. 2008), which has empirical support from both recently evolved sister species
(Peterson et al. 1999) and over longer evolutionary time scales in at least one case of an
extreme foraging specialization in suboscine passerines (Brumfield et al. 2007). If niche
conservatism predominates, and by extension syntopy, this implies that most speciation takes
place in similar habitats in which incipient species would experience similar selective pressures,
thus constraining morphological evolution in relation to traits related to foraging ecology and
crypsis. If species in secondary sympatry have conserved niches, they would then be
constrained by interactions with ecologically similar species, perhaps also selecting for
divergence in signaling traits that would prevent hybridization. Alternatively, if niche
conservatism is rare this implies that species in secondary sympatry are predominantly
allotopic, and such shifts in niche would place incipient species in novel habitats, thus selecting
for divergence in traits related to foraging or crypsis, but reducing interactions with related taxa
and reducing selection for divergence in signaling traits. However, in all the cases outlined
above, if intraspecific selection pressures, such as sexual selection on signaling traits, are
strong, they may overwhelm any signal from interspecific interactions.
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Linking analyses of patterns of character evolution at broad and fine scales is difficult
because it requires having detailed morphological data and detailed occurrence data from
many, often thousands, of species. In analyses of species-patterns (sensu Brown and Wilson
1956) this requires intraspecific morphological data from across the distribution of each
species, which is not available in most cases. Although birds are among the most well-known
vertebrate groups, comprehensive species-level trait data are still largely lacking, hampering
broad-scale analyses of trait divergence. Most researchers have measured traits specifically for
their study, which is limited by specimen availability, resources, and time. Despite containing
species-level ecological trait data for all birds, the EltonTraits database (Wilman et al. 2014)
contains data for just one categorical trait, body mass. Most studies of trait divergence have
focused on bill shape, a trait important for resource acquisition, or on song, which is important
for signaling. While both may be important for mediating the transition to sympatry, more
comprehensive databases of morphology are lacking. A forthcoming study (Tobias et al. in
press) seeks to address these shortcomings by providing species-level morphometric trait data
for all bird species, and a recently published database of plumage coloration exists for most
suboscine passerines (Marcondes and Brumfield 2019, Marcondes 2021). Bird distributions are
particularly well known among vertebrate groups, with published range data available for most
species (BirdLife International 2020), and with amateur bird watchers gathering data for citizen
science projects at scales previously unimaginable (Sullivan et al. 2009). Global repositories of
bird sounds are now also available from the Xeno-canto (http://www.xeno-canto.org) and
Macaulay Library (http://www.macaulaylibrary.org) databases. With these advances, it is now
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possible to collate species-level traits and distributional data to analyze fine-scale patterns in
distribution (i.e. syntopy and allotopy) and species-level trait data for thousands of bird species.
The suboscine passerines (suborder Tyranni; hereafter suboscines) are well suited to
answering these questions in a continental system, as they are species-rich, ecologically
diverse, and are the dominant clade of passerines (the “songbirds”) throughout much of South
America. The suboscines comprise 1,343 species (Clements 2019), and are the sister group of
the more widespread and diverse oscine passerines (Oliveros et al. 2019). The suboscines are
particularly diverse in South America, where the clade has undergone adaptive radiation,
ranging from subantarctic islands to tropical lowlands, and filling many ecological niches filled
by the oscine passerines elsewhere (Figure 4.1; Billerman et al. 2020). The suboscines are
represented in the Old World by five species-poor families, the infraorder Eurylaimides, that
comprise 66 species, although one species from the Eurylaimides, the Sapayoa (Sapayoa
aenigma), is found in the Neotropics (Oliveros et al. 2019, Billerman et al. 2020). During the
Great American Biotic Interchange, the primarily South American radiation of the suboscines
expanded into North America and has diversified there to a lesser degree (Smith and Klicka
2010, Harvey et al. 2020). Critically for the purposes of this study, subsoscine song is not
learned as it is in the oscine passerines (Kroodsma 2005), and is instead largely innate
(Kroodsma 1984, 1985), although exceptions exist (Saranathan et al. 2007). Because song is
innate in suboscines, this implies a genetic mechanism underpinning development, reducing
the influence of spurious factors in analyses of the evolution of song, as would be expected
from intra- or inter-specific song learning in the oscine passerines.
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Figure 4.1. Representative New World suboscine passerines, illustrating some of the
morphological and ecological diversity in the group. Top row, left to right: Royal
Flycatcher, Onychorhynchus coronatus; Zimmer’s Woodcreeper, Dendroplex kienerii;
Eastern Wood-Pewee, Contopus virens. Second row, left to right: undescribed
Tapaculo, Scytalopus sp. nov. “Lambayeque”; Great Antshrike, Taraba major; Vermilion
Flycatcher Pyrocephalus rubinus. Third row, left to right: Pearled Treerunner,
Margarornis squamiger; Brown-billed Scythebill, Campylorhamphus pusillus; Chestnutbacked Antbird, Poliocrania exsul. Fourth row, left to right: Black-and-white Antbird,
Myrmochanes hemileucus; Orange-collared Manakin, Manacus aurantiacus; Cordillera
Azul Antbird, Myrmoderus eowilsoni. All photos by Oscar Johnson.
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its

In this chapter, I utilize comprehensive species-level trait data and a well-resolved
phylogenetic tree for 1,323 suboscine passerines to explore the interactions between range
overlap and trait divergence at both broad (sympatric) and fine (syntopic/allotopic) spatial
scales. I combine fine scale co-occurrence data from citizen science databases and broad-scale
range overlap data, with comprehensive morphometric, song, and plumage trait data in a
shared framework to test for patterns of character evolution shared across spatial scales. First, I
test the hypothesis that syntopy takes longer to establish than allotopy. Next, I test the
hypothesis that interspecific interactions, estimated via degree of morphological trait
divergence, mediate the time it takes to establish sympatry, syntopy, and allotopy. I expect that
allotopy will take longer to establish than syntopy due to strong niche conservatism in recently
diverged species.
METHODS
Phylogeny
I utilized a recently published fossil-calibrated multi-locus phylogeny of 1,323 suboscines
that includes 98.5% of extant species (Harvey et al. 2020). This phylogeny is based on thousands
of ultraconserved elements and most nodes were highly supported. I pruned the tree to species
recognized by the Clements taxonomy (Clements et al. 2019). Because the Old World radiation
of suboscines is relatively species-poor, most species are allopatric, and many lack genetic or
morphological data, I restricted my analyses to the twelve suboscine families comprising the
New World radiation (n = 1,259 species), thus excluding the families Calyptomenidae,
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Eurylaimidae, Sapayoidae, Philepittidae, and Pittidae. Although Sapayoidae is a New World
family, it is nested within the Old World radiation; infraorder Eurylaimides (Lanyon 1985,
Chesser 2004, Harvey et al. 2020). Additionally, I removed from analyses those species with
distributions mostly or entirely restricted to islands (n = 23), species of dubious taxonomic
validity (n = 1), and species thought to be extinct (n = 3). Species removed are listed in Table
C.3. I calculated the divergence time of all species pairs with the R package ape 5.4.1 (Paradis
and Schliep 2019) from the dated phylogeny. To obtain a relative benchmark for waiting times
to co-occurrence, I calculated the crown age of suboscine families using the R packages
phangorn, ape, and phytools (Schliep 2011, Revell 2012, Paradis and Schliep 2019).
Speciation and hybridization
In vertebrates the predominant mode of speciation is via allopatry, but parapatric
distributions with ongoing, albeit restricted, gene flow (e.g. hybrid zones) are found in many
avian species complexes (Coyne and Orr 2004, Price 2008). In contrast, sympatric speciation is
rare or nonexistent in birds (Coyne and Price 2000). Regardless of the mode of speciation, I am
here concerned with the end result of this speciation process, namely the point at which
species diverge sufficiently that gene flow no longer affects species cohesion. Therefore, I
excluded all species pairs forming hybrid zones from analyses (Table C.2).
I compiled a list of all known hybrids and hybrid zones between suboscine species to
inform range overlap categories. Most I obtained from McCarthy (2006), Billerman et al. (2020),
and Remsen et al. (2021), but were augmented with a comprehensive literature search (van
Rossem 1945, Phelps and Phelps 1948, Meise 1949, Friedmann et al. 1957, Lanyon 1961, Parkes
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1961, Barlow and Rising 1965, Short and Burleigh 1965, Meyer de Schauensee 1966, Phillips
1966, Haffer 1967, Phillips and Short 1967, Davis and Webster 1970, Stewart 1975, Kale 1977,
Traylor 1979, Johnson 1980, Remsen 1981, Traylor 1982, Ratti 1984, Belton 1985, Nores 1986,
Decoux and Fotso 1988, Johnson and Marten 1988, Seutin and Simon 1988, Binford 1989,
Ridgely and Turod 1989, Bevier 1990, Fjeldså and Krabbe 1990, Brewer et al. 1991, Graves
1992, Tyler and Parkes 1992, Graves 1993, Parsons et al. 1993, Stotz 1993, Straneck 1993,
Rozendaal 1994, Winker 1994, Pacheco and Parrini 1995, Haffer 1997, Brumfield and Braun
2001, Brumfield et al. 2001, Herzog 2001, Ridgely and Greenfield 2001, Aleixo 2002, Claramunt
2002, Johnson and Cicero 2002, Marini and Hackett 2002, Joseph et al. 2003, McGowan and
Spahn 2004, Stein and Uy 2006, Cadena et al. 2007, Tobias and Seddon 2009, Naka et al. 2012,
Parchman et al. 2013, Weir et al. 2015, Herzog et al. 2016, Manthey and Robbins 2016, Isler and
Whitney 2017, Barrera-Guzmán et al. 2018, Pulido-Santacruz et al. 2018, Clements et al. 2019,
Linck et al. 2019, Cronemberger et al. 2020, Winkler et al. 2020a). While a simplification of a
complex phenomenon, I categorized species pairs as either “one-off hybrids” or “hybrid zones”
based on whether hybrids were known from rare occurrences throughout the shared
distribution or from geographically intermediate zones, respectively. I included as “hybrid
zones” those species for which there is genetic evidence of ongoing gene flow but limited or no
evidence of phenotypic intermediacy. I considered species forming hybrid zones as parapatric
and those forming one-off hybrids were categorized according to range overlap data (see
below).
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Degree of co-occurrence
For all suboscine species I obtained distribution maps from BirdLife International and
Handbook of the Birds of the World (2020) that had been cleaned and re-projected under an
equal-area Mollweide projection (available from http://greenfirescience.com). I edited
distribution maps in QGIS 2.14.0 (QGIS Development Team 2016) to conform to the taxonomy
of Clements et al. (2019), accounting especially for species either split or lumped compared to
the BirdLife taxonomy. From these maps I calculated the degree of range overlap between all
species using custom R scripts with the packages rgdal, rgeos, raster, and sp (Bivand et al. 2013,
Bivand et al. 2020, Bivand and Rundel 2020, Hijmans 2020). I calculated sympatry as the
Szymkiewicz-Simpson coefficient, which is the range area of the species with the smaller
distribution divided by the area of range overlap. I considered two species to be sympatric if
this coefficient exceeded 0.2, following previous studies (e.g. Pigot and Tobias 2013, Laiolo et
al. 2017, Pigot et al. 2018). To explore the dynamics of more extensive range overlap I used
additional sympatry cutoffs in 10-percentile increments from 0.1 to 1.0.
I compiled occurrence data for all suboscine species from the eBird (https://ebird.org/;
Sullivan et al. 2009), Macaulay Library, and Xeno-Canto citizen science databases, each of which
is global in extent. For each database I restricted my analysis to records from point localities
(i.e. “point-count” style lists, excluding transect or area surveys) and used these to extract
georeferenced occurrence records for each species. I restricted records of migratory species to
the breeding season and removed outlier distributional records (see Appendix C). The eBird
database is composed of observational data entered by field observers in a checklist format. I
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downloaded the eBird Basic Dataset version EBD_relMar-2020 (eBird Basic Dataset 2020) and
filtered records in the R package auk (Strimas-Mackey et al. 2018). After restricting the
database to suboscine species I filtered to complete checklists only (i.e. all species were
recorded on the checklist), the Stationary count protocol, removed duplicate (“shared”)
checklists, and converted all records entered as subspecies to the parent species taxon.
Additional data filtering steps for the eBird database are described in the supplementary
methods (Appendix C). The Macaulay Library and Xeno-Canto databases are repositories of bird
media files, from which I analyzed metadata from audio recordings. I downloaded metadata for
all audio recordings of suboscine species from Xeno-Canto with the R package warbleR (ArayaSalas and Smith-Vidaurre 2017) and obtained the same metadata for all Macaulay Library
suboscine recordings from Macaulay Library staff. Each recording in these databases includes
all other taxa identified in the background of each recording (hereafter “background species”),
if entered by the recordist. I used these background species as point locality co-occurrence
records and formatted both databases to correspond to that of the eBird database. The
Macaulay Library uses the same taxonomic treatment as the eBird data, but for the Xeno-Canto
data I modified taxonomic treatments to conform to those used by eBird and Macaulay Library
(Clements et al. 2019). I then applied the same seasonal filters to the Macaulay Library and
Xeno-Canto data as used with the eBird data and merged the three databases (hereafter
“citizen science database”). I explored the reliability of the citizen science database by
comparing estimates of sympatry obtained from BirdLife range maps and of syntopy obtained
from the Breeding Bird Survey (Pardieck et al. 2020) to the same estimates calculated from the
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citizen science database (see Appendix C), and found that the estimates were highly correlated
across databases.
I split the citizen science database into single-species files for calculating the degree of
co-occurrence between all species pairs. I obtained measures of both syntopy and sympatry
with R scripts modified from Drury et al. (2020). For each pair of species, this script takes all
records and restricts the comparisons to unique geographic coordinates (i.e. excluding repeat
visits to a locality). From this comparison it calculates the number of records found at the same
locality (syntopy) and the number of records found within 40 km (the distance of a Breeding
Bird Survey route) of each other (sympatry). For each species pair, I calculated sympatry as the
mean of the number of sympatric records from both species. Syntopy was calculated similarly,
but as the cross-species mean of sympatric records in syntopy, i.e. the degree of syntopy within
the area of range overlap. To minimize the effect of small numbers of potentially misidentified
records in my database I removed from analysis any species pairs with fewer than 20 records in
sympatry.
Many suboscine species show abrupt taxon turnover across river barriers (Wallace 1852,
Sick 1967, Capparella 1988) or along elevation gradients (Terborgh 1971, Diamond 1973) both
of which may be erroneously mis-categorized as sympatric from my occurrence data due to the
relatively high distance threshold (40 km) used. I utilized elevational distribution information
from Stotz et al. (1996) to calculate the amount of elevational overlap for each species pair and
considered any species pair with an elevational gap greater than 100 meters to be allopatric. I
used museum specimen records compiled by M. A. Rego (unpublished data) to categorize
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Amazonian allotaxa as either cross-river replacements or as having overlapping distributions,
using the same range overlap thresholds as for the sympatry calculations from the BirdLife
range maps.
In contrast to previous studies on timing to sympatry (Pigot and Tobias 2013, Pigot et
al. 2018, but see Tobias et al. 2014), I opted to not use a sister-species analysis framework. That
framework has the advantage of a straightforward way of extracting species pairs from a
phylogeny and minimizes the potential effects of extinction. However, restricting analyses to
only sister species may bias results, because for a given species the youngest sympatric
comparison is not always to the sister species. This may be the expected pattern in parapatric
species complexes, which are common in Amazonian systems (Capparella 1988). Restricting
analyses solely to sister species pairs could bias comparisons towards regions with low
speciation rates, assuming allopatric speciation is more common. I instead used an approach
that utilized all species pairs regardless of whether the sister taxon was sympatric or allopatric,
following the approach of Tobias et al. (2014). To do this, I consider each tip of the phylogeny as
a focal species and calculated range overlap categories in comparison to that species. This
allowed me to use data from every tip in the phylogeny and thus much denser sampling of
range overlap across the phylogeny. An explanation of the process that I used is detailed below
and in Figure 4.2.
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Timing of co-occurrence
To model the waiting time to co-occurrence I used an iterative approach combining
phylogenetic divergence times and range overlap data to obtain for each species a progression
of hypothesized range overlap states (i.e. allopatric or sympatric states) following speciation
until the attainment of secondary sympatry. The framework I used is shown in Figure 4.2. For
every species in the phylogeny, I first categorized all confamilial species as either allopatric or
sympatric from the BirdLife range maps using the 20% range overlap threshold. I set the initial
state of speciation (t0) as allopatric (Coyne and Price 2000). For each older divergence time
from the phylogeny (t1-n), I set the state as allopatric if all species for the sister clade at that
node were allopatric, but if at least one species was sympatric for that divergence time I set the
state as sympatric (tn) and proceeded to the next species. In this model the transition from
allopatry to sympatry is assumed to have occurred at an unobserved time between the oldest
allopatric state and the sympatric state. In cases where focal species were reciprocally the same
youngest sympatric comparison (i.e. duplicate species pairs in the dataset, often sympatric
sister species), I removed one focal species at random. I repeated the above process using ten
range overlap cutoffs from 0.1 to 1.0 representing the full breadth of the degree of sympatry.
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Figure 4.2. Schematic of methodology used to extract range overlap data for input into
multi-state Markov models for timing of co-occurrence. Process shown here is for a
hypothetical three-species phylogeny containing the focal species, one allopatric, and
one sympatric species. Rounded gray boxes represent species distributions, and gray
hatched regions indicate range overlap. Divergence times (t) are extracted from the
nodes on the dated phylogeny corresponding to the allopatric (Allo) or sympatric (Sym)
range states at the tips. Divergence time at speciation (t0) is assumed to be allopatric.
Divergence times (t) are extracted until a sympatric state is reached (tn). The waiting
time to sympatry (Ws) is then estimated with a multi-state Markov model as the elapsed
time after t0 until the species enters a sympatric state. The transition between states is
estimated using a Poisson point process with draws from the time between the oldest
allopatric state (here, t1) and the sympatric state (tn).
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For example, the distributions of a pair with a 0.1 cutoff would overlap by 10%, and the
distributions of a pair with a 1.0 cutoff would overlap completely.
I modeled transitions from allopatry to sympatry (Ws) as a one-way process, rather than
allowing for reverse transitions from sympatry back to allopatry. Supporting this assumption is
evidence that these reverse transitions are rare in sister-species comparisons in the suboscine
family Furnariidae (Pigot and Tobias 2013). Highly divergent species pairs (i.e. old divergence
times) are expected to have minimal interspecific interactions, adverse or otherwise, and using
the above methods could produce species pairs with very old divergence times if one of the
species occurs on a long species-poor branch in the phylogeny. There is no clear threshold to
use to remove such cases from analyses, as the model is explicitly seeking to detect the point at
which species are diverging such that they no longer interact (or do so minimally). Regardless, I
restricted all analyses to species pairs within the same family in an attempt to remove
particularly old divergence times from influencing waiting time estimates.
For analysis of the waiting time to syntopy and allotopy, I used the same process
described above (Figure 4.2), but for each species I categorized the final sympatric state at time
tn as either syntopic or allotopic based on the citizen science co-occurrence dataset. I used this
binary categorization of syntopic and allotopic, because of the zero-inflated distribution of the
syntopy estimates (i.e. the zeros correspond to allotopy, but positive values are the degree of
syntopy), but I explored the effects of using different cutoffs (0, 0.05, and 0.1) to categorize
sympatric species as syntopic or allotopic. To minimize biases introduced by species that are
poorly represented in the citizen science dataset, I removed syntopic and allotopic species pairs
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from analysis if there were fewer than 20 occurrence records from the sympatric distribution of
the species pair. I repeated all syntopy analyses across each of the ten sympatry cutoff values
described above.
Accounting for phylogenetic non-independence in comparative studies is critical (Ives
and Zhu 2006), but is intractable when making multiple pairwise comparisons between tips of a
phylogeny, as these relationships cannot be represented by a bifurcating tree. To overcome this
limitation, previous studies have restricted analyses to pairs of sister species (Pigot and Tobias
2013, Pigot et al. 2018) and either trimmed phylogenies to the parental node of a species pair
(Anderson and Weir 2021) to include the phylogeny as a covariate in a model, or included a
higher taxonomic category such as family as a covariate in a non-phylogenetic model (Pigot and
Tobias 2015). Models for estimating the joint evolution of traits and species distribution across
a phylogeny are computationally prohibitive for use in continental systems, but bypass the
limitations outlined above (Quintero and Landis 2020). Recent theoretical advances have
provided a growing toolkit for addressing these questions on a broad scale, but empirical
studies have thus far been largely restricted to island systems, which are more computationally
tractable (Drury et al. 2016, 2018, Clarke et al. 2017, Harmon et al. 2019, Quintero and Landis
2020). An alternative strategy is to first calculate the phylogenetic signal in the dependent
variable in question and if the phylogenetic signal is low (i.e. does not differ substantially from a
random draw of species from the phylogeny), then non-phylogenetic methods can be used. I
tested my two response variables, the Szymkiewicz-Simpson coefficient (i.e. degree of
sympatry), and degree of syntopy, for phylogenetic signal using Pagel’s λ (Pagel 1999). I
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calculated λ on the residuals of a phylogenetic least-square regression on each of the two
response variables in the R packages nlme and motmot (Thomas and Freckleton 2012, Pinheiro
et al. 2021). I found minimal phylogenetic signal in the degree of range overlap and thus found
no need for a phylogenetic control in my analyses.
I employed multi-state Markov models in the R package msm 1.6.8 (Jackson 2011) to
calculate the waiting times to sympatry, syntopy, and allotopy for suboscine species pairs. This
software models the waiting time between states (e.g. allopatric or sympatric) as a continuoustime exponential process, and has been applied extensively in studies of co-occurrence (Pigot
and Tobias 2013, Pigot et al. 2018, Laiolo et al. 2017), but are unable to control for phylogenetic
autocorrelation. I ran these models both on the dataset comprising all species and separately
on the eight most species-rich families to explore clade-level effects. I modeled transitions to
sympatry as a one-way process from a starting state of allopatry. I separately modeled
transitions to syntopy and to allotopy each as a one-way process from a starting state of
allopatry, to obtain separate estimates of the waiting times for these transitions, again
assuming a one-way process away from allopatry. I then ran three-state msm models including
allopatry, syntopy, and allotopy in the same model, to investigate transitions between the two
fine-scale co-occurrence categories (syntopy and allotopy), here allowing for transitions out of
allopatry and also between syntopic and allotopic states.
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Rate shifts in waiting times
The rate of transition from allopatry to secondary sympatry may not be constant
through time, as was found in an analysis of the Furnariidae (Pigot and Tobias 2013). I explored
this possibility in the suboscines using a “Rate-Switch” model that allows one to assess whether
waiting times to sympatry vary before and after a breakpoint in transition rates to sympatry
(Pigot and Tobias 2013). In this framework, the waiting time prior to a rate shift (W1) is
attributed to the constraints of interspecific interactions preventing more extensive range
overlap, while the waiting time following the rate shift (W2) is attributed to a weakening of
these interspecific interactions. More extensive sympatry is then constrained largely by
dispersal ability. The difference between the waiting times (ΔW) from the constant-rate msm
models described above (Ws) and the waiting time following a rate shift (W2) is attributed to
the delay in the waiting time to sympatry due to species interactions (Pigot and Tobias 2013).
I explored rate shift breakpoints in 0.1 Ma intervals from 0.1 to 20.0 Ma and selected
the best model based on log-likelihoods. Due to the small sample size of allotopic pairs I
considered rate shift models only in relation to the waiting time to sympatry, and thus
calculated the difference in waiting times as:

." = "/ − "2
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Trait data
For all 1,323 suboscine species I compiled trait data for morphometrics (Tobias et al. in
press), song (Barber et al. unpublished), plumage (Marcondes and Brumfield 2019), and niche
(Stotz et al. 1996, Sheard et al. 2020). Data collection methods for each of these datasets are
described in full elsewhere but are described here in brief.
Morphometric data consist of ten standard measurements widely used in avian
research: tarsus length, wing chord, tail length, total culmen length, bill length from nares, bill
width at nares, bill depth at nares, and gape width. Also included are Kipp’s Distance, which is
the distance from the tip of the outermost secondary feather (S1) to the tip of the folded wing;
and the S1 Distance, which is the distance from the carpal to the tip of the outermost
secondary feather. I used these measurements to calculate the hand-wing index (HWI; Kipp
1959), which approximates the wing aspect ratio – a measure of flight ability – and can be
obtained from museum specimens with closed wings (Claramunt et al. 2012; see Chapter 3 for
details). The morphometrics database consists of measurements from at least four individuals
per species where possible, and measurements are provided as per-species averages for each
trait. I conducted extensive data filtering and quality control to remove cases of possible data
entry or measurement errors (see Appendix C).
Song data were obtained from audio recordings in publicly accessible databases such as
the Macaulay Library and Xeno-Canto, targeting four recordings of singing males per species
where possible. Eighty measurements were obtained from each song recording, focused on
measures of frequency, duration, pace, pause length, and slope. Measurements were obtained
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for the overall song bout and for notes at the beginning, middle, and end of each song phrase.
A full list of song measurements is available in Table C.1. To improve homoscedasticity, I logtransformed measures of slope and square-root transformed measures of duration. All song
traits were averaged across individuals within each species.
Plumage data were obtained by taking spectrophotometric measures from seven
plumage patches on each suboscine species. I used the dataset of Marcondes and Brumfield
(2019) and Marcondes (2021), which includes reflectance data for most species of
Thamnophilidae, Furnariidae, Conopophagidae, Grallariidae, Melanopareiidae, Tyrannidae,
Pipridae, Cotingidae, and Rhinocryptidae, but none from other (largely Old World) suboscine
families. In brief, reflectance spectra were obtained from seven plumage patches (crown, back,
rump, tail, belly, breast, and throat) from an average of 3.4 (range: 1-39) specimens of each
species. From each specimen, I averaged three to five replicate spectra from each plumage
patch. To account for sex-specific differences in plumage I separated datasets into 1)
monochromatic species plus males of dichromatic species and 2) monochromatic species plus
females of dichromatic species. Within each species I averaged spectra across individuals to
obtain one spectrum per plumage patch per sex per species.
I obtained additional natural history and niche data from Stotz et al. (1996) and Sheard
et al. (2020), consisting of general habitat category, micro-habitat, territory type, range size,
abundance, foraging strata, migratory behavior, body mass, diet, elevation range, and average
range-wide temperature and precipitation variables. To account for the many taxonomic
changes and newly described species since the publication of Stotz et al. (1996), I updated the
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taxonomy to follow Clements et al. (2019) and for the new species filled in missing niche data
from Billerman et al. (2020). After aligning taxonomy to follow Clements et al. (2019), I
combined all the trait databases described above.
I calculated the differences in each trait for all pairwise comparisons of suboscine
species (1,3232 comparisons, excluding same-species comparisons), hereafter referred to as
“species pairs”. For each species pair I calculated the relative divergence in each morphometric
and song trait as the percent difference of the absolute value of trait difference divided by the
mean of the trait difference. To calculate plumage divergence, I used the species-level spectra
and the R package pavo 2 (Maia et al. 2019) to calculate chromatic and achromatic quantum
catches at each photoreceptor. There are limited data regarding the visual sensitivities of
suboscines, but evidence from six species in Tyrannidae, Pipridae, and Thamnophilidae all
suggest that suboscines cannot perceive wavelengths in the ultraviolet range (Carvalho et al.
2007, Seddon et al. 2010, Del-Rio unpubl. data), in contrast to many oscine passerines which
can perceive ultraviolet wavelengths (Bitton et al. 2017) or at least have widespread ultraviolet
reflectance in their plumage (Burns and Shultz 2012). Therefore, for chromatic receptors, I used
the average avian violet-sensitive visual system (Maia et al. 2019) and for achromatic receptors
I assumed the sensitivity of the Blue Tit (Cyanistes caeruleus) double cone. Next, for each
plumage patch, I calculated chromatic and achromatic color distances between members of
each species pair under the receptor-noise model of Vorobyev et al. (1998) with the pavo 2
(Maia et al. 2019) function coldist, with a weber fraction of 0.05 and accounting for neural
noise. Values below the corresponding Just Noticeable Difference (JND) value of 2 were then
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set to 0, as values lower than this are not perceptible under an avian vision model. All
remaining values were rescaled to the minimum quantum catch value and log transformed.
To summarize trait variation, I ran a principal component analysis (PCA) in R (R Core
Team 2013) separately for morphometric, song, and plumage traits. For each PCA I extracted
sufficient principal components to explain 95% of the variation and calculated the pairwise
Euclidean distance between species pairs with rdist (Blaser 2020). Following the
recommendation of Uyeda et al. (2015), I ran a phylogenetic PCA using the same procedure
outlined above, in the R package phytools (Revell 2009, 2012), assuming a Brownian motion
model of trait evolution. Additionally, I summarized plumage variation as the mean quantumcatch distance between species pairs, and summarized morphometric and song trait variation
with the pairwise Mahalanobis distance between species pairs in the R package usedist
(Bittinger 2020). I refer to these as “summary” traits in contrast to “individual” traits.
Effect of trait divergence on the time to sympatry
Trait divergence between species may mediate the transition to sympatry by decreasing
interspecific competition. I explored whether the degree of trait divergence affected the
waiting times to sympatry and I examined which traits showed the greatest divergence
between co-occurrence categories (i.e. allopatry, sympatry, syntopy, and allotopy). To do this, I
included each trait as a covariate in the msm models described above. I measured the effect of
a trait on the waiting times from msm models with hazard ratios, which are ratios of the
transition rate per unit change in the covariate. Hazard ratios <1 indicate that trait dissimilarity
increases waiting times (i.e. trait divergence inhibits sympatry) and ratios >1 indicate that
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dissimilarity decreases waiting times (i.e. trait divergence facilitates sympatry). If the 95%
confidence intervals of the hazard ratio estimates include 1, the trait has no effect on waiting
times.
I applied each morphometric trait, plumage trait, song trait, and summary trait
separately as a covariate to msm models of the waiting times to sympatry, syntopy, and
allotopy, all assuming a starting state of allopatry. Due to the large number of potential
combinations (number of traits by number of range overlap thresholds) I restricted analyses to
a sympatry cutoff of 0.2 and a syntopy cutoff of 0.05. The sympatry threshold of 0.2 has been
used by previous authors (McEntee et al. 2018, Pigot and Tobias 2013, Pigot et al. 2018), who
found minimal effects of changing this threshold (e.g. McEntee et al. 2018). I found no effect on
waiting time estimates for the three syntopy thresholds I used (0, 0.5, and 0.1; see Results), so I
selected the intermediate threshold for these trait analyses.
I explored the effects of each trait across the phylogeny by running the above models
separately on the eight most species-rich suboscine families. I also explored the effects of
latitude (distance of midpoint latitude from the equator) and elevation (mean of elevation
range), and their interaction, on the waiting time to sympatry. Some traits, especially in the
family-level analyses, had low explanatory power for waiting time estimates, indicated by
extremely broad confidence intervals. Thus, I removed from the results all hazard ratios with a
standard error > 50, regardless of whether the 95% confidence interval included 1 (i.e. the ratio
was significant). Trait covariates on msm models implement by default the Rate-Switch model
described above to test the effect of the covariate on the transition rates between states, thus
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the waiting times including trait covariates correspond to W2 in the formula described above. I
assessed model fit among all msm trait models with significant trait hazard ratios using secondorder Akaike Information Criterion (AICc) weights (AIC; Akaike 1974) in the R package qpcR
(Spiess 2018). I calculated AICc weights for models from within each trait category separately;
summary traits, morphometric traits, song traits, and plumage traits. The six traits
(Gape_width, Pace1, Pace2, Pace3, Pace_change_1, and Pace_change_2) with the highest
amounts of missing data across species (>30%) were very highly weighted (AICc weights > 0.99),
so I removed these traits from AICc weight calculations.
Degree of trait divergence in co-occurring species pairs
Phylogenetic ANOVAs provide an explicitly phylogenetic model to investigate the effects
of the degree of co-occurrence on trait divergence. A potential confounding factor is the
difficulty in disassociating the effects of co-occurring non-sister species, i.e. competition with
multiple closely related species. Sympatric non-sister species may have potentially passed
through an intermediate unobserved state of sympatry with a third species, thus influencing
the degree of trait divergence prior to the observed present state if species interactions are an
important driver in trait divergence. This potential confounding factor is minimized, though not
eliminated, by restricting comparisons solely to sister species pairs (see for example Pigot and
Tobias 2013). Furthermore, a sister-species analysis guarantees that species pairs are nonoverlapping in the phylogeny, thus improving the ability of a phylogenetic ANOVA to control for
phylogenetic signal. However, a sister species analysis comes at the cost of a drastic reduction
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in sample size, thus reducing statistical power. Therefore, I explored the effect of trait
divergence separately, in analyses of sister species pairs and non-sister species pairs.
I ran two phylogenetic ANOVA analyses for each trait, considering the effects of trait
divergence on the transition to sympatry and to syntopy, respectively. For sympatry I
considered three categories: allopatry (range overlap = 0), parapatry (range overlap >0 and
<0.2), and sympatry (range overlap >0.2), modeling the transition to sympatry as a stepwise
categorical process. For syntopy I considered allopatry, syntopy, and allotopy using a syntopy
cutoff of 0.05 and a sympatry cutoff of 0.2, thus focusing on the effect of the degree of syntopy
and allotopy. I repeated all ANOVA analyses on models of the degree of trait divergence and on
these same values divided by the divergence time of each species pair, to account for the
degree of trait divergence not due to time since speciation. Pairwise differences between range
overlap categories were assessed with post hoc tests using the Holm correction to adjust pvalues (Holm 1979).
In the non-sister species pair analyses, for some focal species the youngest sympatric
comparison was to multiple species with the same divergence time (mean = 2.50 sympatric
species, SE = 0.15). I therefore utilized a random resampling approach to compare trait
divergence across all possible species pair combinations. I selected all sympatric species with
this same youngest sympatric divergence time and randomly resampled species comparisons
for 100 iterations. Running a separate ANOVA on each iteration provided a distribution of pvalues for pairwise comparisons between the three co-occurrence categories. I categorized
traits as significantly different across comparisons if the upper bound of 95% confidence
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intervals of the pairwise p-values was less than 0.05. In these models the phylogeny was
mapped to the focal species due to the presence of overlapping species pairs.
For sister species analysis I pruned the phylogeny to only species pairs that were each
other's closest relatives (i.e. sister species) and then collapsed the phylogeny to the node
uniting each sister species pair using the R packages ape, phangorn, and phytools (Schliep 2011,
Revell 2012, Paradis and Schliep 2019), maintaining the original branch lengths throughout the
remainder of the tree. These new tips were used to map the phylogeny to species pairs in the
phylogenetic ANOVA models. I categorized all species pairs as allopatric, sympatric, syntopic, or
allotopic using the same thresholds as for the non-sister species pair analyses, and ran the same
models as described above for the non-sister species pair analyses. I categorized traits as
significantly different across comparisons if the pairwise p-values were less than 0.05.
RESULTS
Database metrics
I obtained distributional data from 1,201 (95.4%) of the 1,259 suboscine species of the
New World radiation. The citizen science database contained 2,105,565 occurrence records,
with a mean of 1,595 records per species (SE = 268.2), and after filtering contained 1,715,692
occurrence records. After pruning the phylogeny from Harvey et al. (2020) to the taxonomy of
Clements et al. (2019), the tree contained 1,238 (98.3%) of species. I obtained morphometric
data from 1,250 (99.3%), song data from 1,184 (94.0%), and plumage data from 1,113 (88.4%)
of species. After quality control of morphological traits (see Appendix C), intraspecific variance
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of trait data was low and data completeness (i.e. lack of per-species missing data) for specieslevel trait averages was high. Variance for morphometric traits was low (mean per-trait
variance = 0.18, SE = 0.004) and data completeness was high (94.4%), and after removing one
trait (gape width) with particularly low data completeness (54.9%) the overall morphometric
data completeness increased to 98.0%. Plumage data completeness was 86.2% within the
sampled families, while song data completeness was 80.7%. In my literature search I found 54
hybridizing suboscine species pairs involving 80 species. Of these, 25 species pairs involving 44
species formed hybrid zones and were excluded from analyses (Table C.2, Figure C.8). The final
dataset contained 1,214 extant continental New World species with distributional or trait data.
Timing of co-occurrence
In a comparison of divergence times of species pairs across the phylogeny, sympatric
species were older than allopatric species, and allotopic species were slightly older than
syntopic species. Using range overlap thresholds of allopatry = 0% and sympatry > 20%, the
mean divergence time of the youngest sympatric species pairs was 7.9 Ma (SE = 0.15 Ma, N =
918) and of the oldest allopatric species pairs was 6.0 Ma (SE = 0.15 Ma, N = 640). Using range
overlap thresholds of sympatry > 20% and syntopy > 5% the mean divergence time of syntopic
species pairs was 8.1 Ma (SE = 0.18 Ma, N = 580) and of allotopic species pairs was 9.2 Ma (SE =
0.41 Ma, N = 143). Among sister species pairs, using the same range overlap thresholds as
above, with the addition of parapatry = 0%-20%, the mean divergence time of species pairs in
allopatry was 2.8 Ma (SE = 0.12 Ma, N = 174), in parapatry was 2.9 Ma (SE = 0.16 Ma, N = 81), in
sympatry was 4.0 Ma (SE = 0.21 Ma, N = 88), in syntopy was 4.2 Ma (SE = 0.35 Ma, N = 43), and
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in allotopy was 3.8 Ma (SE = 0.53 Ma, N = 12). Degree of co-occurrence showed very low
phylogenetic signal across the tree for measures of both sympatry (λ = 0.07) and syntopy (λ =
0.03).
Waiting times to sympatry, syntopy, and allotopy were all relatively old, on the order of
5-6 Ma, but did not differ significantly from each other across range overlap thresholds or
across families. At 20% range overlap, the waiting time to sympatry (Wsym) was 5.62 ± 0.47 Ma,
the waiting time to syntopy (Wsyn) was 5.73 ± 0.25 Ma, and the waiting time to allotopy (Wallo)
was 6.56 ± 0.57 Ma (Figure 4.3, Figure 4.4). In all cases, waiting time estimates increased with
more stringent thresholds used to define sympatry, from a minimum of 4.95 ± 0.44 Ma at a 10%
range overlap threshold to 11.50 ± 1.60 Ma at a 100% range overlap threshold (Figure 4.3).
However, there was considerable variation among families in waiting time estimates, ranging
from a minimum of Wsym = 4.77 ± 0.55 Ma in Tyrannidae to Wsym = 9.76 ± 3.06 Ma in
Grallariidae at 20% range overlap, albeit with wider confidence intervals in all but three most
species-rich families (Tyrannidae, Furnariidae, and Thamnophilidae; Figure 4.3). Results from
family-level syntopy and allotopy waiting times mirrored those of sympatry, with all three
categories having approximately equal waiting time estimates for each sympatry threshold
used, but with wide confidence intervals on the allotopy waiting times (Figure C.9).
The Rate-Switch model at 20% range overlap showed a prominent peak in log-likelihood
scores, with the highest log-likelihood score corresponding to a breakpoint at 3.0 Ma (Figure
4.5). The transition probabilities between allopatry and sympatry after the breakpoint (0.26 ±
0.026) were 3.9 times higher than the transition probabilities before the breakpoint (0.067 ±
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0.016). The estimated waiting time to sympatry after the breakpoint (W2sym = 3.80 ± 0.37 Ma)
thus corresponds to a ΔW = 1.82 Ma. The estimated waiting time prior to the breakpoint was
14.93 ± 3.68 Ma. Varying the range overlap thresholds increased the breakpoint estimates for
the Rate-Switch model from 2.8 Ma at 10% to 8.7 Ma at 100%, with a large jump in breakpoint
estimates between 80% and 90% range overlap. The average crown age of suboscine families
was 6.3 Ma (SD = 3.8 Ma).
Trait divergence
Many morphological traits had a significant effect on waiting times to sympatry,
syntopy, and allotopy, including most summary traits, but the specific traits having an effect on
each range overlap category and on each suboscine family differed substantially. The effect of
traits on the waiting times to sympatry were assessed by means of hazard ratios. These ratios
represent the unit change in trait divergence per unit change in the transition rates between
range overlap states. Hazard ratios >1 indicate that traits decrease waiting times between
states, while hazard ratios >1 increase waiting times between states. For waiting times to
sympatry at a range overlap threshold of 20%, two summary traits and 30 individual traits
showed significant positive deviations from a hazard ratio of 1, and none showed a negative
deviation from 1 (Table 4.1, Figure 4.6). Hazard ratios that showed significant deviations from 1
ranged from 1.25 to 7.23 (mean = 2.29). The two summary traits were the morphometric PCA
and phylogenetic PCA distances, but with narrower confidence intervals when accounting for
phylogenetic non-independence. Both song and plumage phylogenetic PC distances showed
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Figure 4.3. Waiting times to sympatry across suboscine families. Pooled data from all
families is shown in the lowest panel. Colors refer to range overlap thresholds used to
define species pairs as sympatric. Error bars are 95% confidence intervals. Numbers on
the right side of the plot are waiting time estimates at 20% range overlap, ± standard
error.
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the

Figure 4.4. Waiting times to sympatry, syntopy, and allotopy, using a 20% range
overlap threshold to define species pairs as sympatric. A threshold of 10% was
used to define species pairs as syntopic or allotopic.

Figure 4.5. Log-likelihood surface of msm Rate-switch models, across breakpoint
thresholds from 0 to 20 million years (Ma), in increments of 0.1 Ma. The highest
log-likelihood value corresponds to a breakpoint at 3.0 Ma.
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significant positive hazard ratios at all range overlap thresholds except for 20% (Figure 4.6).
Fifty-two traits had significant effects on waiting times to syntopy, of which six summary traits,
and 39 traits had significant effects on waiting times to allotopy, of which nine were summary
traits. As with waiting times to sympatry, all hazard ratios for traits having a significant effect on
waiting times to syntopy were in a positive direction, but one trait (range size) had a
significantly negative hazard ratio for allotopy while the remainder were positive. Significant
hazard ratios for syntopy ranged from 1.01 to 15.27 (mean = 2.50). Significantly positive hazard
ratios for allotopy ranged from 1.02 to 46.71 (mean = 4.99), and the one negative hazard ratio
(range size) was 0.72. In total, 56 individual traits and nine summary traits had a significant
positive hazard ratio on waiting time to sympatry, syntopy, or allotopy. The degree of range
overlap had a strong effect on which traits showed significant effects on sympatry waiting
times. In particular, hazard ratios for both individual and summary measures of plumage, and
for summary measures of song, showed significant positive deviation from 1 only at range
overlap thresholds > 30% (Figure 4.6, Figures C.10–C.13). Latitude, in absolute distance from
the equator, showed no effect on the waiting times to sympatry. However, mean elevation
showed significantly positive hazard ratios at range overlap thresholds < 20% and significantly
negative hazard ratios at range overlap thresholds > 70% (Figure 4.6).
Individual traits with significant effect included a broad selection of morphometric,
song, and plumage traits, with most trait categories having an effect on waiting times on at
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Figure 4.6. Hazard ratios for trait covariates on multi-state Markov (msm) models of
sympatry waiting times. Independent msm models were run for each trait and each
threshold used to define species as sympatric. Hazard ratios greater than 1 indicate
that trait dissimilarity decreases waiting times, while hazard ratios less than 1 indicate
that trait dissimilarity increases waiting times. Traits with a significant effect on waiting
times are those with 95% confidence intervals that do not overlap 1. Elevation is
measured as the mean of the elevation range of the focal species. Trait PCA scores are
the pairwise Euclidean distance between species from a phylogenetic PCA.
least one category of co-occurrence (i.e. sympatry, syntopy, or allotopy) with a sympatry
threshold of 20% and a syntopy threshold of 10%. However, traits varied in how many
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categories of co-occurrence on which they had a significant effect, and were about evenly split
between whether they had a significant effect on one (23), two (16), or all three (17) categories
of co-occurrence. All traits with a significant effect on waiting times to sympatry, syntopy, and
allotopy are listed in Table 4.1.
These general patterns belie considerable variation across families in the effects of traits
on the waiting time to sympatry, although, in all cases, hazard ratios of summary traits
significantly different from 1 were in a positive direction. Ninety-three traits had an effect in at
least one family on at least one co-occurrence category, while the remaining 18 had no effect
on waiting times to co-occurrence. Five of these traits had an effect on the overall waiting times
when considering all families together (Table 4.1), despite no significant effect when analyzing
families separately. These traits were wing chord, tarsus length, secondary 1, gape width, and
frequency change 2. Complete results for hazard ratios of traits across families are provided in
Appendix C, but I highlight overall trait-by-family relationships here. All hazard ratios were
greater than 1 unless otherwise noted. Starting first with the three most species-rich families,
Thamnophilidae, Furnariidae, and Tyrannidae; morphometric measures had an effect in all
three, but to varying degrees. In Thamnophilidae, morphometric measures had an effect only
for summary traits. In Furnariidae, however, morphometrics included many bill and wing
measures, while in Tyrannidae they included only bill width and tail length. Many song
measures had an effect in all three, but with measures of frequency having a greater effect in
Furnariidae, while measures of note slope had a greater effect in Thamnophilidae. Similarly for
plumage traits, a wide variety of plumage patches had an effect in Thamnophilidae, while
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dorsal patches predominated in Furnariidae and Tyrannidae, primarily chromatic distances in
the former. The relatively species-poor families Tityridae, Grallariidae, Pipridae, and Cotingidae
showed few significant traits. In Cotingidae these were entirely composed of song traits, mainly
measures of duration and note slope, with no traits having an effect on allotopy. In Pipridae,
song and morphometric summary traits had an effect, which for song mostly included measures
of duration. Plumage traits were solely in males and were the chromatic color of the crown and
the achromatic color of the underparts. No traits had an effect on allotopy in Pipridae. In
Tityridae the only traits with an effect were note slope and morphometric summary traits. In
Grallariidae four song traits had an effect, while body mass had a hazard ratio of zero. Twentyfour traits had an effect in Rhinocryptidae, about half of which were song traits with hazard
ratios >1, related mostly to frequency. However, the remaining half were plumage traits, all of
which had hazard ratios <1 and included multiple patches from both sexes.
Phylogenetic ANOVAs of sister species pairs categorized by degree of sympatry showed
significant differences in 18 individual traits and three summary traits, controlling for
divergence time (Table 4.2). For song traits, significant results were similar to those obtained
from hazard ratios of waiting times, including measures of note slope and frequency, plus the
addition of song power. However, measures of plumage and morphometrics differed from
those obtained from hazard ratios. Notably, the only morphometric measures significantly
different in phylogenetic ANOVAs were HWI, Kipp’s distance (a measure used to calculate the
HWI), and bill width (Table 4.2). Average plumage distance measures were significant, but the
nine plumage patches with significant differences were strictly dorsal patches, both for
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achromatic and chromatic reflectance, and across males and females (Table 4.2). For the
transition to syntopy and allotopy, the 6 measures that showed significant overall differences
mirrored those of the transition to sympatry, including overall measures of plumage distance,
chromatic reflectance of the rump, and song power (Table 4.3). No trait measures were
significantly different in comparisons of syntopic and allotopic species pairs (Table 4.3). Range
size was significantly different in comparisons of the transition to sympatry and to
syntopy/allotopy (Table 4.2, Table 4.3).
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Table 4.1. Traits with a significant effect on waiting times to sympatry, syntopy, and allotopy. In all cases a sympatry
threshold of 0.2 was used, and for syntopy and allotopy a syntopy threshold of 0.1 was used. Significance assessed by
whether 95% confidence intervals of hazard ratios included 1.0. Traits are grouped first by summary traits, then by
individual morphometrics, song, and plumage traits, with sections denoted by horizontal dashed lines. AICc weights
calculated from models within each dashed line section only. Within categories, traits are grouped by similarity, e.g.
song traits grouped by measures of frequency, duration, and slope. Traits with no effect on waiting times not shown.
See Table C.1 for explanation of trait variables.
Sympatry

Syntopy

Allotopy

Trait

Hazard
Ratio
ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

morph.PCs

1.17

2.4

0.23

1.21

258.6

5.3E-57

1.30

127.4

1.1E-28

morph.pPCs

1.01

0.0

0.77

1.01

255.2

2.9E-56

1.02

126.8

1.4E-28

1.31

126.7

1.5E-28

morph.mahalanobis
song.PCs

1.07

5.2

0.06

1.07

32.5

4.3E-08

song.pPCs

1.02

3.8

0.11

1.02

31.7

6.6E-08

plum.PCs

1.03

4.8

0.07

1.05

0.0

0.50

plum.pPCs

1.54

0.0

0.76

1.53

0.1

0.48

3.79

16.7

0.00

3.73

6.2

0.02

av.quantum.catch.v
av.f.quantum.catch.v

2.97

(table cont’d.)
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23.9

4.9E-06

Sympatry

Syntopy

Allotopy

Trait

Hazard
Ratio
ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

Tarsus.Length

7.23

67.8

1.9E-15

15.37

67.5

2.2E-15

Tail.Length

4.27

63.0

2.1E-14

7.68

54.8

1.3E-12

average.Wing.Chord

5.69

69.3

9.0E-16

11.35

69.7

7.5E-16

Kipps.Distance

1.90

63.4

1.7E-14

1.85

75.7

3.7E-17

Secondary1

4.32

60.7

6.7E-14

9.14

62.4

2.8E-14

Bill.TotalCulmen

2.80

45.4

1.4E-10

Bill.Nares

3.86

70.7

4.4E-16

6.24

74.7

5.9E-17

Bill.Depth
Bill.Width
Body.mass.log

3.07

0.0

1.00

2.75

87.0

1.3E-19

3.57

0.0

1.00

Range.Size
Song.Max.Freq
Song.Min.Freq.5

1.48

299.6

8.0E-66

1.65

296.8

3.2E-65

1.44

299.3

9.3E-66

(table cont’d.)
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Hazard
Ratio

ΔAICc

AICc
weight

5.96

37.2

8.5E-09

9.32

26.8

1.5E-06

9.46

32.3

9.9E-08

6.62

40.2

1.9E-09

4.64

43.5

3.6E-10

0.72

0.0

1.00

Sympatry
Trait

Hazard
Ratio
ΔAICc

Syntopy
AICc
weight

Song.Max.Freq.95

Allotopy

Hazard
Ratio

ΔAICc

AICc
weight

1.67

296.7

3.4E-65

Freq.Change.2

Hazard
Ratio

ΔAICc

AICc
weight

3.46

54.4

1.4E-12

X95.Freq1

2.32

95.1

2.0E-21

2.36

89.2

3.8E-20

2.69

47.6

4.3E-11

X95.Freq2

2.15

96.7

8.9E-22

2.28

90.7

1.8E-20

3.53

42.0

7.4E-10

X95.Freq3

1.95

0.0

0.90

2.05

0.0

0.91

3.39

0.0

0.95

Max.Freq.1st.note

1.53

299.8

7.2E-66

1.79

293.8

1.4E-64

1.56

298.0

1.8E-65

1.75

119.6

1.0E-26

Max.Freq.Final.Note
Max.freq.middle.note

1.72

296.3

4.1E-65

1.76

294.8

8.8E-65

1.71

120.2

7.7E-27

Note.5.Freq

1.59

298.2

1.6E-65

1.48

299.1

1.0E-65

1.69

119.6

1.0E-26

Note.95.Freq

1.72

296.9

3.1E-65

1.86

293.1

2.0E-64

1.87

118.9

1.5E-26

Note.Max.Freq.Average

1.79

295.3

6.7E-65

1.92

291.8

3.9E-64

1.94

118.3

2.0E-26

Note.Peak.Freq.Average

1.62

298.7

1.2E-65

1.61

297.7

2.0E-65

1.79

119.6

1.0E-26

Note.Bandwidth.90

1.47

297.6

2.1E-65

1.49

296.5

3.7E-65

Note.Bandwidth.Average 1.42

299.0

1.0E-65
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Song.Duration.sec

1.29

297.7

2.0E-65

1.47

288.3

2.2E-63

Note.rate1
Dur.change.1

1.40

110.2

1.1E-24

1.40

107.9

3.3E-24

Dur.Change.2

1.36

110.1

1.1E-24

1.40

107.1

5.1E-24

Duration.Final.Note

1.25

299.7

7.5E-66

Max.Note.Slope

1.26

299.3

9.4E-66

Note.Slope.Average

1.27

299.9

6.7E-66

1.33

297.3

2.5E-65

Note.Slope.2.Average

1.29

299.0

1.1E-65

1.32

297.5

2.2E-65

Note.Slope.first.note

1.33

297.5

2.3E-65

1.28

298.6

1.3E-65

Note.Slope.final.note

1.25

300.8

4.4E-66

Note.Slope1

1.30

99.3

2.4E-22

Note.Slope2

1.32

98.9

3.0E-22

1.35

4.5

0.09

Note.Slope.Ch1

1.53

104.6

1.8E-23

achro.crow.v.female

1.76

4.6

0.04

achro.crow.v.male

1.62

26.9

6.1E-07

Note.Slope3

1.30

4.3

0.10

(table cont’d.)
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1.50

53.5

2.3E-12

1.55

54.1

1.7E-12

1.64

46.8

6.6E-11

1.67

6.0

0.05

Sympatry

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

chrom.crow.v.female

1.95

0.7

0.29

achro.back.v.female

2.22

4.4

0.05

achro.back.v.male

2.06

24.9

1.6E-06

2.50

8.1

0.01

achro.rump.v.female

2.39

2.0

0.15

achro.rump.v.male

1.90

25.5

1.2E-06

achro.tail.v.female

2.02

4.5

0.04

1.89

0.0

0.42

2.01

2.3

0.14

1.57

25.7

1.1E-06

2.80

0.0

0.45

2.30

2.1

0.16

chrom.brea.v.female

2.37

1.9

0.18

chrom.bell.v.female

2.27

3.8

0.07

achro.thro.v.female
achro.thro.v.male

1.60

0.0

AICc
weight

Allotopy

Hazard
Ratio

Trait

Hazard
Ratio
ΔAICc

Syntopy

1

chrom.thro.v.female
achro.brea.v.male

1.60

136

26.1

9.3E-07

Table 4.2. Traits with significant difference between species pairs in a phylogenetic
ANOVA categorizing species according to degree of sympatry. Categories here defined
according to degree of range overlap: allopatry = 0%, parapatry = 0-20%, sympatry >
20%. Trait values corrected for divergence time between species pairs. Post-hoc
comparisons using Holm’s method to adjust p-values are listed for pairwise
comparisons between range overlap categories. Traits with significant divergence,
assessed by p values less than 0.05, are indicated in bold.

ANOVA
Trait

Allopatry to
Parapatry

Allopatry to
Sympatry

Parapatry to
Sympatry

F

P

|t|

P

|t|

P

|t|

P

Range size

17.0

0.001

4.8

0.003

4.8

0.003

0.1

0.907

Plumage distance
(average)

5.9

0.002

2.5

0.032

3.2

0.003

0.6

0.544

Plumage distance,
females (average)

5.8

0.004

2.4

0.028

3.2

0.006

0.7

0.463

Plumage distance, males
(average)

5.3

0.006

2.2

0.046

3.1

0.009

0.7

0.532

Crown, chromatic
distance, females

2.9

0.032

1.3

0.326

2.4

0.024

0.9

0.357

Crown, chromatic
distance, males

3.1

0.029

0.7

0.534

2.5

0.009

1.6

0.2

Back, chromatic
distance, females

3.0

0.032

1.0

0.366

2.5

0.015

1.3

0.366

Back, chromatic
distance, males

4.5

0.005

1.5

0.362

3.0

0.003

1.3

0.362

Rump, chromatic
distance, females

4.6

0.01

1.3

0.206

3.0

0.009

1.6

0.206

Rump, chromatic
distance, males

4.2

0.012

1.5

0.39

2.9

0.006

1.2

0.39

Rump, achromatic
distance, males

2.7

0.046

2.1

0.111

1.7

0.111

0.4

0.746

Hand-wing index

6.2

0.004

2.0

0.18

3.4

0.003

1.1

0.314

(table cont’d.)
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ANOVA
Trait

Allopatry to
Parapatry

Allopatry to
Sympatry

Parapatry to
Sympatry

F

P

|t|

P

|t|

P

|t|

P

Kipp's distance

5.4

0.009

1.9

0.256

3.1

0.009

1.0

0.373

Bill width

4.6

0.02

2.8

0.072

2.1

0.072

0.7

0.546

Song minimum
frequency (average)

3.9

0.024

0.1

0.937

2.6

0.015

2.3

0.026

Note minimum
frequency

5.0

0.018

0.3

0.843

2.9

0.009

2.7

0.014

Note slope

4.0

0.034

2.1

0.182

2.4

0.033

0.2

0.853

Note slope (average)

4.6

0.019

1.4

0.366

3.0

0.006

1.4

0.366

Note slope of note
center (average)

4.0

0.027

1.6

0.476

2.7

0.009

0.9

0.476

Note slope (maximum)

3.8

0.033

1.6

0.476

2.7

0.006

0.9

0.476

Note slope, middle note

3.8

0.03

1.8

0.354

2.6

0.009

0.7

0.522

Song power (maximum)

3.7

0.037

1.2

0.446

2.7

0.018

1.3

0.446
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Table 4.3. Traits with significant difference between species pairs in a phylogenetic
ANOVA categorizing species according to degree of syntopy. Categories here defined
as: allopatry = 0% range overlap, syntopy > 20% range overlap and > 5% syntopy,
allotopy > 20% range overlap and < 5% syntopy. Trait values corrected for divergence
time between species pairs. Post-hoc comparisons using Holm’s method to adjust pvalues are listed for pairwise comparisons between range overlap categories. Traits
with significant divergence, assessed by p values less than 0.05, are indicated in bold.

ANOVA
Trait

Allopatry to
Syntopy

Allopatry to
Allotopy

Syntopy to
Allotopy

F

P

|t|

P

|t|

P

|t|

P

Range size

7.659

0.001

3.704

0.003

1.722

0.16

0.377

0.78

Plumage distance
(average)

3.104

0.036

2.064

0.123

1.673

0.172

0.513

0.605

Plumage distance,
females (average)

3.371

0.023

2.108

0.081

1.812

0.098

0.616

0.514

Plumage distance, males
(average)
3.052

0.031

2.029

0.111

1.689

0.132

0.543

0.58

Rump, chromatic
distance, females

4.544

0.007

2.691

0.006

1.742

0.134

0.252

0.794

Rump, chromatic
distance, males

3.585

0.025

2.391

0.066

1.539

0.204

0.218

0.829

Song power (maximum)

3.631

0.049

2.663

0.069

0.728

1.0

0.659

1.0

DISCUSSION
I found that the transition to secondary sympatry in suboscine passerines is a protracted
process mediated by trait divergence, corroborating previous work on the furnariids (Tobias et
al. 2014), a suboscine clade of 304 species (Clements et al. 2019). When I dissected sympatry
into syntopy and allotopy, I found that waiting times did not differ between them or from the
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overall waiting time to sympatry. In sum, the three waiting times were statistically
indistinguishable. This indicates that the final steps of the speciation cycle (Figure 1.1; Tobias et
al. 2020) are protracted, especially the time following species divergence necessary for
secondary sympatry to establish and the speciation cycle to start anew. As expected, I found
strong support for trait divergence mediating the time to sympatry, and that interspecific
interactions mediate the time it takes to establish sympatry, syntopy, and allotopy. However, I
found key differences in which traits mediate each category of co-occurrence, and considerable
variation in which traits have an effect in each suboscine family.
The waiting time to sympatry is prolonged and varies among suboscine families
Waiting times to sympatry were protracted, and were older with increasing thresholds
used to define degree of range overlap. Divergence times of individual species pairs were
idiosyncratic, but when combining the results from sympatry waiting times from multi-state
Markov models and transition intensities from the Rate-switch Model, a general pattern
emerged. In suboscines, the first ~3 Ma following allopatric speciation is largely spent in
allopatry or parapatry, with a low probability of progressing to a state of sympatry. Following
the 3 Ma breakpoint indicated by the Rate-switch Model, the transition to sympatry proceeds
~4x more rapidly, with the overall waiting time to sympatry following speciation being ~5 Ma.
More extensive range overlap takes considerably more time, over 12 Ma at a 100% range
overlap threshold. However, there may be little biological difference between defining range
overlap at 20% vs 100%. Once species are able to coexist without adverse interspecific
interactions, the degree of overlap may be mediated by other factors known to influence range
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dynamics such as parasite load, competition with another more closely related species, or
abiotic factors, none of which were tested here. Interestingly, the overall estimate of the
waiting time to sympatry (5.0 Ma) is similar to the crown age of suboscine genera (6.3 Ma),
indicating that the shift to secondary sympatry occurs at a similar evolutionary age whereby
species are sufficiently morphologically distinct to be categorized into separate genera, at least
in birds (see Avise and Johns 1999).
The overall model described above had considerable support in my data, but there was
considerable variation across suboscine families in the waiting times to sympatry. Species-poor
families showed broader confidence intervals in waiting time estimates that in many cases
overlapped the estimates from the overall dataset, suggesting that low sample sizes from these
families may be insufficient to detect any signal. Two species-rich families, Tyrannidae and
Furnariidae, showed smaller confidence intervals (likely related to higher sample sizes), and had
significantly shorter waiting times than the overall dataset. Despite the broader confidence
intervals, Grallariidae showed significantly longer waiting times, almost double the time
estimates from the overall dataset. However, the wider confidence intervals in all but the three
most species-rich families suggest that smaller sample sizes may be insufficient to detect an
accurate estimate for waiting times in these families. Disentangling the effects of small sample
size (i.e. species-poor families) from variation in waiting times to sympatry remains a
methodological challenge. Despite this, the results presented here do indicate that there is
significant variation across families.
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Using a sister-species analysis with a similar multi-state Markov model framework, Pigot
and Tobias (2018) showed that sympatry was largely a two-step process, with the initial stages
dominated by dispersal abilities (especially with range overlap <20%), while later stages were
dominated by niche assembly. That study used many of the same morphometric traits analyzed
here, but across a broad swath of avian diversity, and was a large step forward in our
understanding of the factors that mediate coexistence in birds. My study takes their findings a
step further by testing for an effect of finer scale range overlap (syntopy) and with a more
complete sampling of morphological traits. My trait results in comparison with those from Pigot
and Tobias (2018) are discussed below. Pigot and Tobias (2018) estimated a waiting time to
sympatry of 3.14–4.80 Ma at sympatry >10%, which places my estimate from suboscines of
4.96 Ma at sympatry >10% (Figure 4.3) at the upper bound in comparison to many bird species.
However, because I found wide variation in waiting time estimates across suboscine families, it
is likely that such clade-level variation exists across other birds that may be masked when
analyzing overall rates across many species.
Hybrid zone studies have shown that divergence often occurs simultaneously with gene
flow (Pulido-Santacruz et al. 2020). This is unlikely to influence the results I have presented
here, either regarding waiting times or the influence of traits on co-occurrence, because I have
excluded hybridizing pairs from my analyses. Furthermore, the majority of suboscine species
pairs forming hybrid zones have divergence times less than 5 Ma (see Appendix C), indicating
that gene flow largely mediates interspecific interactions prior to the establishment of cooccurrence. Although Pigot and Tobias (2018) found little evidence for incomplete reproductive
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isolation inhibiting the establishment of secondary sympatry, other studies have shown that
hybridization inhibits co-occurrence by preventing the establishment of complete reproductive
isolation (Taylor and Larson 2019, Pulido-Santacruz et al. 2020, Tobias et al. 2020), so additional
research on these hybridization dynamics is desirable.
Time to the three categories does not differ
Results from multi-state Markov models provided strong support for the waiting times
for the transition to allotopy and to syntopy being indistinguishable, a result that was robust to
thresholds for defining the degree of sympatry and syntopy, and across most families.
Additionally, a three-state model including allopatry, syntopy, and allotopy found negligible
transition rates between syntopy and allotopy, although this result may be due to the fact that I
considered secondary sympatry to be the final state in the multi-state Markov models, so
further transitions between the more finely defined states of sympatry (syntopy and allotopy)
may not be detectable in this framework. Regardless, my results indicate that it takes the same
amount of time for allotopy and syntopy to establish across suboscine birds. This is in direct
contrast to Laiolo et al. (2017), who found that syntopy took twice as long to establish as
sympatry in European birds. Other studies have found latitude to be an important factor in the
timing of the establishment of secondary sympatry generally (Weir and Price 2011), which
could explain the discrepancy between my results and Laiolo et al. (2017), I found no effect of
latitude on waiting times to co-occurrence here, suggesting that these differences may be
independent of latitude. Laiolo et al. (2017) calculated syntopy as the checkerboard score (Cscore; Stone and Roberts 1990), which combines measures of broad- and fine-scale range
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overlap into a single continuous measure, so may be less able to disentangle the relative effects
of allotopy and syntopy per se.
Syntopy is far more prevalent than allotopy
Although the time that it took for species to become syntopic or allotopic did not differ
significantly, syntopy was far more prevalent than allotopy in the raw data. In fact, in both the
sister-pair and the non-sister-pair analyses, approximately 80% of sympatric species pairs were
syntopic with the remaining ~20% being allotopic, albeit with minor variation in those
percentages depending on the syntopy threshold used. Thus, while my results indicate that it
takes just as long for species to become syntopic or allotopic, the vast majority of those
transitions away from allopatry are to a state of syntopy. This indicates that syntopy is the
predominant avenue to sympatry in suboscine birds, and suggests that evolutionary shifts
between habitats or broad biogeographic regions tend to be rare, with the end result of most
speciation events resulting in species occupying the same habitat or localities (i.e. syntopy).
Traits divergence mediates the transition to secondary co-occurrence
I found strong evidence that many morphological traits influence the waiting times to
co-occurrence, but fewer traits showed evidence of differentiation between co-occurring and
allopatric species pairs when accounting for divergence time. This suggests that trait divergence
has a strong effect on mediating the time that it takes species to co-occur, but the relative
degree of trait differentiation after co-occurrence is established does not differ. Combining this
evidence with the results from the “Rate-switch” model that indicate a breakpoint in waiting
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times to sympatry at 3.0 Ma, suggests that most trait differentiation occurs prior to the
establishment of co-occurrence, and once that threshold is reached then sympatry can
proceed. In short, this points to a model where species interactions, perhaps at range
boundaries, inhibit the establishment of co-occurrence, but trait divergence during this
allopatric or parapatric period then accelerates the overall time for co-occurrence to establish.
This has been shown across a broader selection of bird species (Pigot and Tobias 2014), with
the key difference that I here find greater evidence that signaling traits (song and plumage)
mediate the waiting times to co-occurrence. This finding agrees with other studies that point to
divergence prior to secondary contact as the primary mode of trait divergence facilitating cooccurrence (McEntee et al. 2018).
Most traits that had an influence on waiting times to sympatry also showed significant
effects on waiting times to syntopy and allotopy (Table 4.1), indicating that these traits are
those that have the strongest overall effect on co-occurrence. Traits with a combined effect on
all categories of co-occurrence included most morphological traits, including bill length, and
many song traits related to frequency and note slope, indicating a combined effect of resource
acquisition (bill length) and signaling (song). Many song and morphometric traits showed an
effect on waiting times to both syntopy and allotopy, no clear pattern separating song and
morphometric traits affecting syntopy vs allotopy, suggesting divergence proceeds along similar
pathways for these traits, regardless of the scale of co-occurrence. In contrast, although
plumage traits had notably little effect on overall sympatry waiting times, this negative result
masks considerable variation in the results partitioned by family and by degree of co-
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occurrence. In fact, my results show that plumage has a strong effect on waiting times to both
syntopy and allotopy, but via different pathways. Plumage mediates syntopy primarily by
achromatic coloration in the dorsum of females, and males to a lesser extent, suggesting that
female competition perhaps combined with crypsis are strong factors in allowing species to cooccur at a fine scale. In contrast, most plumage divergence that mediates allotopy is in ventral
patches in both males and females. Previous research on coloration in suboscines found that
dorsal and ventral plumage patches are under distinct selection regimes, with dorsal patches
being under selection for crypsis while ventral patches contained greater plumage variation
that could be explained by inter- or intra-specific signaling (Marcondes and Brumfield 2019). A
shift in habitat that would result in species being allotopic in sympatry likely results in one or
the other species occupying a novel habitat or light environment, both of which are known to
affect dorsal coloration in suboscines (Marcondes and Brumfield 2019). However, the results
presented here show the opposite pattern from that expected under the above scenario.
Because species in allotopy occupy distinct habitats, they likely experience different light
environments (change in dorsum expected) and do not interact with the most closely related
sympatric species (no change in venter expected). An explanation is needed for this perplexing
result. The results related to allotopy do require additional study, due to the relatively small
number of allotopic species pairs in my dataset.
The hand-wing index (HWI) has been implicated as a predictor of many dispersal-related
ecological and evolutionary patterns (Burney and Brumfield 2009, Sheard et al. 2020,
Claramunt et al. 2012), including as a predictor of broad-scale range overlap (Pigot and Tobias
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2015, 2018). However, my results from the overall and family-level waiting times to sympatry
find a significant effect of HWI only in the Furnariidae. This is surprising given that HWI is
correlated with migratory behavior (Sheard et al. 2020), which in suboscines is most frequent in
the Tyrannidae (Billerman et al. 2020). However, the HWI is also higher in species in open
habitats (Sheard et al. 2020), which could explain its predictive power in Furnariidae, a family
with many clades closely associated with open habitats, especially in southern South America.
Regardless, it is the difference in HWI between species that predicts the transition to sympatry
in Furnariidae, suggesting that dispersal abilities shift more frequently in this family than in the
Tyrannidae, resulting in HWI facilitating co-occurrence.
Family specific trait results reveal interesting patterns not seen in the suboscine-wide
data, and suggest that while general patterns may be important, clade-specific responses to
interspecific interactions deviate from the general pattern. For example, in Tyrannidae, I found
that bill width was the only bill shape trait mediating co-occurrence, and this trait is closely tied
to niche specialization in aerial and gleaning insect foraging, the dominant foraging mode in this
family. Similarly, Pipridae showed plumage divergence only in males, supporting male-male
competition as the primary axis of competition in this highly dichromatic family. The chromatic
distance of the crown predicted the transition to sympatry and syntopy, and in many Piprid
genera this color patch varies drastically across species, such as in the genus Lepidothrix.
The precise avenue by which species diverge in order to coexist varies across families,
and depends on whether the co-occurrence is to allotopy or syntopy, indicating that there are
many ways for species to establish secondary co-occurrence. An alternative view is that if trait
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divergence proceeds by certain avenues, then allotopy is more likely to result, while other
avenues of trait divergence are more likely to result in syntopy. Both likely have an effect on
waiting times to fine-scale co-occurrence, as the joint effects of interspecific competition and
hybridization will idiosyncratically influence certain traits in certain families.
Following the sympatry definitions of Brown and Wilson (1956), there is a large body of
literature from exemplar species pairs that examines interspecific dynamics in sympatry from a
mechanistic standpoint largely concerned with the effects of interspecific competition and
niche partitioning on a fine-scale (Schoener 1965, Peers et al. 2013, Benítez-López et al. 2014).
Reif et al. (2017) take this one step further and investigate the degree of syntopy and allotopy
in the sympatric portion of the range of two Luscinia thrushes in eastern Europe, finding that
the two species occupy different habitats in the shared distribution (i.e. are allotopic), but are
found in similar habitats in allopatry. This example comes from a relatively young species pair
(divergence time = 1.8 Ma) that are sympatric in a relatively small portion of their distribution
(equivalent to sympatry <20% from this study), so provides support for interspecific
competition inhibiting broader scale sympatry in young species pairs.
The effects of character convergence in sympatry warrant further research. Evidence
from Furnariidae showed that song characters converged in older sympatric lineages relative to
allopatric lineages, controlling for lineage age (Tobias et al. 2014). Because I am here concerned
with trait divergence, the effects of convergence remain to be tested across all suboscines.
However, the hazard ratios <1 for plumage divergence in Rhinocryptidae indicate that plumage
divergence increases waiting times to sympatry, perhaps suggesting a role for plumage
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convergence in this group. However, overall plumage in Rhinocryptidae is highly conserved,
especially in the species-rich genus Scytalopus (Winkler et al. 2020b), so this result could
equally be attributed to a spurious association between plumage conservatism and protracted
overall waiting times in this family.
Due to the large number of traits analyzed here (111), investigating the model
importance of traits in combination, either on overall waiting times or for syntopy, allotopy, or
on each family, would be challenging due to the high number of trait combinations involved.
My goal, instead, was to describe the overall pattern of the transition to sympatry, syntopy, and
allotopy, and assess which traits had any effect on those waiting times. Therefore, instead of
performing model selection via likelihood ratio tests or AIC weights, I have reported all models
with any effect on waiting times to co-occurrence and provided AIC scores as a preliminary
assessment of model richness. Further analysis of model importance to assess which
combinations of traits best explain waiting times to secondary co-occurrence across families is
desirable.
Here, I have made important insights into patterns of species co-occurrence at multiple
spatial scales. However, the spatial scale used matters, and the scale at which the distribution
data was gathered may not be sufficiently fine to tease apart true species segregation. Birds
may segregate not only by habitat and locality, as I have analyzed here, but species within the
same habitat may replace each other at the scale of territories if interspecific competition is
strong, but reproductive isolation is complete (Robinson and Terborgh 1995, Tobias and Seddon
2009, Cowen et al. 2020, Drury et al. 2020). Although it would provide important insights into
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the dynamics of the spatial sorting of syntopic species, such ultra fine scale distribution data are
not currently available for most species.
Using co-occurrence data from citizen science projects, I show that the time necessary
for secondary co-occurrence after speciation does not differ between fine (syntopy/allotopy)
and broad (sympatry) scales, but that at fine scales syntopy is more frequent than allotopy.
Combining these results with analyses of comprehensive species-level morphological traits, I
find that a wide variety of resource acquisition and signaling traits mediate the waiting times to
co-occurrence, but by different pathways depending on the degree of fine scale co-occurrence
(syntopy vs allotopy) and between families.
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CHAPTER 5. CONCLUSIONS
My primary goal was to examine the genetic and macroevolutionary processes that give
rise to bird species and bird communities in continental, species-rich, tropical systems. I found
that these processes are myriad, but predictable, at intraspecific, interspecific, and community
scales. My research chapters are couched in the concept of the speciation cycle (Figure 1.1),
which explains the process by which populations speciate, diverge ecologically, and finally
coexist, starting the process anew.
My second chapter focused on the intermediate stages of the speciation cycle,
investigating patterns of species divergence. I used comprehensive taxon and population-level
sampling to estimate the phylogeny and analyze the population genetic patterns of a genus of
Amazonian forest birds. I found that the genus comprises three broadly sympatric Amazonian
species complexes, each of which is composed of taxa with patterns of parapatric replacements
across major Amazonian rivers. The phylogenetic results showed paraphyly at the species and
subspecies levels, and discordance between patterns of morphology, such as dorsum
coloration, and phylogeny. With population-level sampling, I linked phylogenetic and
population genetic patterns to propose a revised taxonomic treatment for this historically
taxonomically convoluted genus.
My third chapter focused on the early stages of the speciation cycle, analyzing the
factors that control the initial stages of population divergence (population structure) across
many bird species. I showed that population genetic structure is predicted by habitat
association across 66 Amazonian bird species. I found that species in ephemeral habitats, which
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require greater dispersal abilities, show lower population genetic structure due to the
homogenizing effects of high gene flow. Population genetic structure decreases incrementally
with habitat linearity and ephemerality due to land aggradation and degradation from
Amazonian rivers. As such, species in more ephemeral habitats are more likely to be genetically
homogenous throughout their distribution, decreasing the probability of speciation over longer
evolutionary timescales. I found few exceptions to this pattern, showing that, while rare,
population fragmentation can occur in species adapted to ephemeral habitats, providing a
potential avenue for future research.
Finally, my fourth chapter focused on the final stages of the speciation cycle, the period
after allopatric speciation has completed until species are able co-occur in the same region
without adverse interspecific interactions. I found that the time it takes for species to evolve
sufficient differences that they can coexist is extremely protracted, on the order of 5–6 million
years. This timescale is considerably longer than the time it takes for species to diverge initially
(speciate), indicating that the time to coexistence is the rate-limiting step in the speciation
cycle. I found no difference in the time it takes for species to co-occur at the fine distributional
scales of syntopy (fine-scale co-occurrence in the area of overlap) and allotopy (fine-scale
segregation in the area of overlap). However, I found that syntopy is far more common than
allotopy, showing that syntopy is the dominant route to co-occurrence in continental birds.
In my fourth chapter, I also showed that trait divergence has a strong effect on
mediating the time that it takes species to co-occur, but the relative degree of trait
differentiation after co-occurrence is established largely does not differ between allopatric
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(spatially separate) and sympatric (spatially overlapping) species when accounting for the time
since speciation. Trait divergence, therefore, happens prior to secondary sympatry, but has a
strong effect on controlling how long species must remain allopatric before sympatry can
progress. The specific traits that controlled this process varied dramatically among bird families
and across degrees of co-occurrence (syntopy vs allotopy), indicating that there are many ways
for species to establish secondary co-occurrence.
My research provides a better characterization of the evolutionary patterns and
provides a more complete picture of the evolutionary history and patterns in continental avian
communities.
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APPENDIX A. SUPPLEMENTARY MATERIAL TO CHAPTER 2
Copyright information
Below is the copyright information pertaining to the publication on which Chapter 2 of
this dissertation is based. I am the first author of this publication and have the right to include it
in a dissertation.
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Table A.1. Localities for samples used in this project. Abbreviations are as follows: LSUMZ =
Louisiana State University Museum of Natural Science, KU = University of Kansas Biodiversity
Institute & Natural History Museum, AMNH = American Museum of Natural History, MZUSP =
Museum of Zoology of the University of São Paulo, FMNH = Field Museum of Natural History,
MSB = Museum of Southwestern Biology, USNM = Smithsonian National Museum of Natural
History, YPM = Yale Peabody Museum. Lat = Latitude. Long = Longitude. Sam # = Sample
number. Accession numbers with the SAMN- prefix are the BioSample accession numbers for
the samples sequenced for this project and deposited in the NCBI Sequence Read Archive (SRA)
under BioProject number PRJNA622761. Accession numbers with other prefixes refer to NCBI
GenBank sequences. Probes refers to the probe set used in sequencing: 5k = Tetrapods-UCE5Kv1 probe set targeting 5,060 loci, and sequenced for this study; 2.5k = Tetrapods-UCE-2.5Kv1
probe set targeting 2,386 loci, sequences obtained from Harvey et al. (2020).

Sam. # Taxon

Tissue #

GenBank # Probes Country: Province Lat.

Long.

1

Epinecrophylla
fulviventris

LSUMZ
82086

SAMN
5k
14526248

Costa Rica: Limón

9.65

-83.01

2

E. fulviventris

LSUMZ
2299

SAMN
2.5k
14526249
HM637244

Panamá: Darién

7.92

-77.70

3

E. ornata atrogularis MSB 36505 SAMN
5k
14526250

Perú: San Martín

-7.41 -76.27

4

E. ornata atrogularis LSUMZ
74213

SAMN
2.5k
14526251

Perú: Pasco

-10.50 -74.81

5

E. ornata hoffmansi LSUMZ
78113

SAMN
2.5k
14526252

Brazil: Amazonas

-7.50 -58.26

6

E. ornata hoffmansi FMNH
391379

SAMN
5k
14526253

Brazil: Pará

-6.28 -50.58

7

E. ornata hoffmansi FMNH
457051

SAMN
5k
14526254

Brazil: Pará

-2.53 -50.85

(table cont’d.)
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Sam. # Taxon

Tissue #

GenBank # Probes Country: Province Lat.

8

E. ornata
meridionalis

LSUMZ
9502

SAMN
5k
14526255

Bolivia: Pando

-11.16 -68.78

9

E. ornata
meridionalis

LSUMZ
1082

SAMN
5k
14526256

Bolivia: La Paz

-15.28 -67.50

10

E. ornata
meridionalis

LSUMZ
78808

SAMN
5k
14526257

Perú: Madre de
Dios

-11.45 -69.52

11

E. erythrura
erythrura

ANSP
16560

SAMN
2.5k
14526258

Ecuador: Morona- -2.72 -78.32
Santiago

12

E. erythrura
septentrionalis

LSUMZ
27716

SAMN
5k
14526259

Perú: Loreto

-7.15 -75.69

13

E. leucophthalma
LSUMZ
leucophthalma west 42670

SAMN
5k
14526260

Perú: Loreto

-4.29 -77.24

14

E. leucophthalma
LSUMZ
leucophthalma west 10538

SAMN
5k
14526261

Perú: Ucayali

-7.95 -74.25

15

E. leucophthalma
LSUMZ
leucophthalma west 9173

SAMN
5k
14526262

Bolivia: Pando

-11.16 -68.78

16

E. leucophthalma
LSUMZ
leucophthalma west 75006

SAMN
5k
14526263

Perú: Ucayali

-10.38 -73.72

17

E. leucophthalma
sordida

FMNH
392048

SAMN
5k
14526264

Brazil: Mato Grosso -9.63 -55.93
do Norte

18

E. leucophthalma
sordida

FMNH
457026

SAMN
5k
14526265

Brazil: Pará

-2.53 -50.85

19

E. leucophthalma
FMNH
leucophthalma east 389907

SAMN
5k
14526266

Brazil: Rondônia

-10.36 -61.82

20

E. leucophthalma
LSUMZ
leucophthalma east 36628

SAMN
5k
14526267

Brazil: Rondônia

-10.80 -64.69

(table cont’d.)
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Long.

Sam. # Taxon

Tissue #

GenBank # Probes Country: Province Lat.

Long.

21

E. leucophthalma
LSUMZ
leucophthalma east 18242

SAMN
2.5k
14526268
HM637246

Bolivia: Santa Cruz -14.85 -60.46

22

E. leucophthalma
LSUMZ
leucophthalma east 14575

SAMN
5k
14526269

Bolivia: Santa Cruz -13.92 -60.82

23

E. leucophthalma
LSUMZ
leucophthalma east 12394

SAMN
5k
14526270

Bolivia: Santa Cruz -14.60 -60.92

24

E. leucophthalma
phaeonota

LSUMZ
85998

SAMN
5k
14526271

Brazil: Amazonas

-6.89 -59.07

25

E. leucophthalma
phaeonota

LSUMZ
78380

SAMN
5k
14526272

Brazil: Amazonas

-11.05 -58.65

26

E. leucophthalma
phaeonota

LSUMZ
77807

SAMN
5k
14526273

Brazil: Amazonas

-7.34 -58.09

27

E. leucophthalma
phaeonota

LSUMZ
80818

SAMN
5k
14526274

Brazil: Amazonas

-5.70 -59.16

28

E. leucophthalma
phaeonota

LSUMZ
35603

SAMN
5k
14526275

Brazil: Pará

-3.60 -55.52

29

E. leucophthalma
phaeonota

LSUMZ
80774

SAMN
5k
14526276

Brazil: Amazonas

-7.15 -59.91

30

E. gutturalis

AMNH
12689

SAMN
5k
14526277

Venezuela:
Amazonas

1.3

-66.5

31

E. gutturalis

YPM
139781

SAMN
5k
14526278

Suriname

3.75

-56.50

32

E. gutturalis

LSUMZ
71576

SAMN
5k
14526279

Suriname:
Sipaliwini

4.78

-54.60

33

E. gutturalis

KU 88804 SAMN
5k
14526280

Guyana

4.22

-59.17

(table cont’d.)
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Sam. # Taxon

Tissue #

34

E. gutturalis

KU 88801 SAMN
5k
14526281

Guyana

35

E. gutturalis

USNM
609157

SAMN
5k
14526282

Guyana: Essequibo 5.5

-60.6

36

E. gutturalis

USNM
586379

SAMN
5k
14526283

Guyana: Northwest 7.35

-60.35

37

E. gutturalis

AMNH
11921

SAMN
5k
14526284

Venezuela: Bolívar 6.2

-63.6

38

E. gutturalis

YPM
137211

SAMN
5k
14526285

Suriname:
Sipaliwini

3.65

-56.20

39

E. gutturalis

LSUMZ
20398

SAMN
2.5k
14526286

Brazil: Amazonas

-2.44 -59.89

40

E. gutturalis

LSUMZ
55218

SAMN
2.5k
14526287
KC768924

Suriname:
Sipaliwini

4.73

-56.75

41

E. gutturalis

USNM
587338

SAMN
5k
14526288

Guyana

2.05

-57.55

42

E. gutturalis

YPM
139633

SAMN
5k
14526289

Suriname: Para

5.4

-55.2

43

E. gutturalis

YPM
101670

SAMN
5k
14526290

Suriname:
Tafelberg

3.78

-56.15

44

E. amazonica dentei MZUSP
80591

SAMN
2.5k
14526291
KC768944

Brazil: Amazonas

-8.33 -60.99

45

E. amazonica
amazonica

SAMN
2.5k
14526292
KC768934

Bolivia: Pando

-11.20 -68.78

LSUMZ
9217

GenBank # Probes Country: Province Lat.

(table cont’d.)
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4.34

Long.
-58.85

Sam. # Taxon

Tissue #

GenBank # Probes Country: Province Lat.

46

E. amazonica
amazonica

MZUSP
J164

SAMN
2.5k
14526293
KC768938

Brazil: Rondônia

-9.63 -65.45

47

E. amazonica
amazonica

LSUMZ
31342

SAMN
5k
14526294

Brazil: Rondônia

-8.93 -64.10

48

E. spodionota
sororia

KU 113634 SAMN
5k
14526295

Perú: Cusco

-13.53 -71.97

49

E. spodionota
sororia

LSUMZ
2058

SAMN
5k
14526296

Perú: Pasco

-10.29 -74.94

50

E. spodionota
sororia

LSUMZ
76377

SAMN
5k
14526297

Perú: Ucayali

-10.45 -74.12

51

E. spodionota
spodionota

IAvH-BT
234

SAMN
2.5k
14526298

Colombia: Cauca

1.70

52

E. spodionota
sororia

FMNH
474124

SAMN
5k
14526299

Perú: Amazonas

-6.72 -77.43

53

E. spodionota
sororia

LSUMZ
5392

SAMN
5k
14526300

Perú: San Martín

-6.36 -76.24

54

E. haematonota
pyrrhonota

LSUMZ
4202

SAMN
2.5k
14526301
KC768931

Perú: Loreto

-2.96 -73.24

55

E. haematonota
pyrrhonota

FMNH
457014

SAMN
5k
14526302

Brazil: Amazonas

-1.68 -65.83

56

E. haematonota
pyrrhonota

AMNH
14224

SAMN
5k
14526303

Brazil: Amazonas

-3.29 -60.63

57

E. haematonota
pyrrhonota

MZUSP
79027

SAMN
2.5k
14526304
KC768936

Brazil: Roraima

4.43

(table cont’d.)
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Long.

-76.57

-61.13

Sam. # Taxon

Tissue #

GenBank # Probes Country: Province Lat.

Long.

58

E. haematonota
pyrrhonota

LSUMZ
7505

SAMN
5k
14526305

Venezuela:
Amazonas

0.88

-65.99

59

E. haematonota
haematonota

LSUMZ
75291

SAMN
5k
14526306

Perú: Ucayali

-10.38 -73.72

60

E. haematonota
haematonota

LSUMZ
4579

SAMN
2.5k
14526307
HM449839

Perú: Loreto

-3.52 -72.81

61

E. haematonota
haematonota

LSUMZ
10790

SAMN
5k
14526308

Perú: Ucayali

-7.94 -74.23

62

E. haematonota
fjeldsaai hybrid?

LSUMZ
42704

SAMN
5k
14526309

Perú: Loreto

-4.29 -77.24

63

E. haematonota
fjeldsaai

KU 873

SAMN
2.5k
14526310
KC768922

Perú: Loreto

-2.32 -75.86

64

E. haematonota
haematonota

LSUMZ
93087

SAMN
5k
14526311

Perú: Loreto

-5.54 -75.73

65

E. haematonota
haematonota

LSUMZ
27427

SAMN
5k
14526312

Perú: Loreto

-7.07 -75.70

66

E. haematonota
haematonota

LSUMZ
42282

SAMN
5k
14526313

Perú: Loreto

-5.34 -76.32

out- Clytoctantes
group atrogularis

MZUSP
96888

SAMN
2.5k
14526314

Brazil: Amazonas

-6.25 -59.07

out- Myrmorchilus
group strigilatus

LSUMZ
18722

SAMN
5k
14526315

Bolivia: Santa Cruz -19.78 -61.97

out- Neoctantes niger
group

LSUMZ
2749

SAMN
2.5k
14526316

Perú: Loreto
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-3.39 -73.18

Table A.2. Samples removed due to misidentification or sample contamination.
Contamination assessed by whether most (but not all) mitochondrial contigs matched
to the expected Epinecrophylla species when matched to the Barcode of Life Database
(BOLD).
Samp. Original
BOLD
Tissue Probe
Locality
#
identification identification #
set
11
30

50

Epinecrophylla Margarornis
erythrura
squamiger
erythrura

ANSP
2.5k
16560

Ecuador:
MoronaSantiago

Lat. Long.

-2.72 -78.32 Contaminated

Epinecrophylla Myrmotherula AMNH 5k
gutturalis
longipennis
12689

Venezuela: 1.3
Amazonas

Epinecrophylla Xiphorhynchus LSUMZ 5k
spodionota
ocellatus
76377
sororia

Peru:
Ucayali
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Notes

-66.5 Misidentified

-10.5 -74.1 Contaminated

Table A.3. Samples for which mitogenome recovery in MITObim failed. All samples here
were included in the UCE phylogenies.

Samp.
Taxon
#

Tissue
number

Problem

Probe
Locality
set

Epinecrophylla fulviventris

LSUMZ
2299

Failed
MITObim

2.5k

Epinecrophylla gutturalis

YPM
139781

Failed
MITObim

5k

Epinecrophylla gutturalis

LSUMZ
71576

Epinecrophylla gutturalis

Lat. Long.

Panama:
Darién

7.92 -77.70

Suriname

3.75 -56.50

74% missing
5k
data

Suriname

4.78 -54.60

KU 88801

Failed
MITObim

5k

Guyana

4.34 -58.85

Epinecrophylla gutturalis

USNM
587338

Failed
MITObim

5k

Guyana

2.05 -57.55

46

Epinecrophylla amazonica
amazonica

MZUSP
J164

Failed
MITObim

2.5k

Brazil:
Rondonia

-9.63 -65.45

48

Epinecrophylla spodionota
sororia

KU 113634

Failed
MITObim

5k

Peru:
Cusco

13.53 -71.97

60

Epinecrophylla haematonota LSUMZ
haematonota
4579

42% missing
2.5k
data

Peru:
Loreto

-3.52 -72.81

LSUMZ
2749

89% missing
2.5k
data

Peru:
Loreto

-3.39 -73.18

2
31
32
34
41

out- Neoctantes niger
group
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Table A.4. Individuals used as references for UCE SNP calling.
Sample # Reference taxon

Clade

56

Epinecrophylla haematonota pyrrhonota

haematonota s.l.

56

Epinecrophylla haematonota pyrrhonota

haematonota + pyrrhonota

46

Epinecrophylla amazonica

amazonica + spodionota

13

Epinecrophylla leucophthalma leucophthalma west leucophthalma

41

Epinecrophylla gutturalis

gutturalis

7

Epinecrophylla ornata hoffmannsi

ornata
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Figure A.1. The phylogeny shown in Figure 2.2A, with confidence intervals on node ages
displayed.
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Figure A.2. Species tree for the haematonota s.l. clade estimated in SNAPP from SNP data,
using 1-2 samples per species. A) The DensiTree representation of the posterior distribution
of species trees and B) the Maximum Clade Credibility species tree. All nodes received full
support unless marked with a circle. Nodes with a posterior probability between 0.90 and
0.75 are marked with a gray circle and those <0.75 are marked with a white circle. No nodes
received a posterior probability between 1 and 0.90.

165

Figure A.3. PCA of Epinecrophylla leucophthalma with points labeled by individual.
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Figure A.4. PCA of the Epinecrophylla haematonota clade with points labeled by individual.
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Figure A.5. PCA of Epinecrophylla gutturalis with points labeled by individual.
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Figure A.6. PCA of Epinecrophylla ornata with points labeled by individual.
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Figure A.7. Histograms of all inter-taxon genetic distance comparisons for nuclear Fst (A) and
corrected mitochondrial distances (B). Subspecies comparisons above ~0.15 Fst (A) and above
5% (B) all involve comparisons between subspecies of leucophthalma, between subspecies of
ornata, or between pyrrhonota and haematonota/fjeldsaai.
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Figure A.8. Histograms of all intra-taxon genetic distance comparisons for nuclear Fst (A) and
weighted mitochondrial distances (B), indicating the degree of population structure within
taxa. The arrow in A denotes the outlier pyrrhonota.
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APPENDIX B. SUPPLEMENTARY MATERIAL TO CHAPTER 3
The body of this chapter is primarily focused on disentangling the effects of measures of
dispersal ability and gene flow on habitat association. Critical to this work was the inclusion of
population genetic sampling for bird species specialized on Amazonian riverine islands, an avian
community that has received little attention in phylogenetic or population genetic studies. I
have included here a summary of the processes that form riverine islands, a characterization of
the avian community found on these islands (see also; Remsen and Parker 1983, Rosenberg
1990), and phylogenetic and population genetic results from each riverine island specialist bird
species (Figures B.2 – B.33).
Riverine island formation and characterization
The Amazon River is the largest river in the world, draining an area of approximately 6.9
x 106 km2 (2.7 x 106 mi2), or 40% of the land area of the continent of South America. The main
stem of the Amazon River runs for a linear distance of 6,300 km (3,900 mi) and has eight major
tributaries with lengths over 2,000 km (1,200 mi). This immense river system drains the most
biodiverse river basin in the world (Remsen and Parker 1983) and directly influences a wide
variety of aquatic and terrestrial habitats. Although the Amazon River drains a large percentage
of the land area of South America, the area covered by the river itself represents only a small
percentage of the surface area of the continent. In addition, a variety of terrestrial habitats
created by the direct actions of river dynamics represent a small fraction of the land area of the
terrestrial habitats of the Amazon Basin. The most prominent of these habitats are the
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floodplain várzea forests found along the margins of major rivers and the river islands found
along the main stems of the Amazon and its primary tributaries. Várzea forest habitat is largely
contiguous along river margins, while riverine islands are patchily distributed and ephemeral
and largely found within the river channel (Remsen and Parker 1983).
Riverine, or fluvial, islands are formed by a variety of fluvial processes that vary
depending on the sediment load and type, flow pattern, and size and flow rate of the river.
River islands in the Amazon Basin that are relevant to specialist bird species form in primarily
two river types: “white-water” rivers, characterized by high sediment load and anastomosing
flow patterns; and “black-water” rivers, characterized by low sediment load, high tannin
contents, and braided flow patterns. “Clear-water” rivers, characterized by low sediment load
and high flow rates, do not form riverine islands or specialized bird populations. Islands formed
via changes in river course isolate landmasses from the surrounding várzea forest, thus creating
islands of várzea habitat and associated avifauna, rather than the distinct riverine island
habitats with which I am here concerned.
Within white-water rivers, riverine islands originate from fluvial deposits. Islands with a
fluvial origin primarily form as fluvial bars within the river channel, usually in the lee of an
obstacle (Ashworth 1996). The division of river flow around an obstacle creates a zone of
increased flow and a scour in the riverbed immediately downstream of the obstacle. As the
flow rate equalizes with the surrounding river flow downstream of the scour, the sediment load
potential of the river decreases, depositing sediment as a fluvial bar (Ashworth 1996). As the
bar grows, accretion of finer sediment on the downstream end and erosion on the upstream
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end cause the bar to move downstream, while colonization of vegetation on the bar top and
accretion of larger sediment types cause the bar to stabilize (Ashworth 1996, Wintenberger et
al 2015). These processes combine to move islands downstream and create a full range of
successional habitats to form as sediment is added to the downstream end of the islands and
vegetation colonizes the newly created land (Kalliola 1991). These islands are characterized by
an ephemeral nature and younger vegetation. Islands formed from floodplain deposits
primarily form through the avulsion of the river thalweg, resulting in the capture of a patch of
floodplain land, as described above. Aggradation and accretion processes result in island
movement and the formation of successional habitats on the downstream side of the newly
formed island (Wyrick and Klingeman 2011). Floodplain-capture islands are characterized by a
more stable nature and the presence of floodplain várzea-like forests with a várzea-associated
avifauna, but if successional habitats are created via accretion, then the riverine island avifauna
can be found. These successional habitats are unique in the Amazon Basin, which is otherwise
characterized by older forest types and a lack of young successional habitats (Remsen and
Parker 1983).
In black-water rivers, island formation processes are well characterized primarily in the
Rio Negro of Brazil (Latrubesse and Franzinelli 2005). Here, black-water riverine islands in the
Mariuá and Anavilhanas archipelagos formed during a period of higher sediment load in the
mid to late Holocene from 3,700 to 1,000 years BP (before present; Latrubesse and Franzinelli
2005). Critically, this occurred at a time when the river was infilling and broadening, creating a
system of anastomosing channels (Latrubesse and Franzinelli 2005). The distinctive “phantom”
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shape of the Anavilhanas islands results from the creation of sedimentary levees off of the main
island as the river broadens (Latrubesse and Franzinelli 2005). Ongoing sediment transport from
the white-water Rio Branco continues to supply sediment to the growing Mariuá Archipelago of
the upper Rio Negro, but this sediment does not reach the downstream Anavilhanas
Archipelago, which today contains largely stable (non-ephemeral) islands and a low-flow lakelike riverine environment (Latrubesse and Franzinelli 2005).
Riverine island bird communities
I here define riverine island birds as the species found primarily on sandbar scrub and
river edge forest of riverine islands in the Amazon River and its tributaries (sensu Remsen and
Parker 1983). This habitat is unique within the Amazon Basin and has resulted in nineteen bird
species becoming specialized on these successional habitats (Remsen and Parker 1983). These
species are absent from várzea forests found on the banks of the river, often just a few
hundred meters distant (Rosenberg 1990), although more species are shared with mainland
várzea habitats in black-water islands (Cintra et al. 2007, Borges et al. 2019). Of the 169 nonaquatic bird species thought to have evolved in river-created habitats in the western Amazon
basin, 19 are restricted entirely to riverine islands, although three are shared with the Orinoco
or Xingu river basins (Remsen and Parker 1983). The riverine island avifauna of the Orinoco and
Xingu rivers is a depauperate subset of the species found in the Amazon river basin, although
both the Orinoco and Xingu contain endemic subspecies of some otherwise Amazonian riverine
island bird species.
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While many species globally are tied to riverine habitats, obligate riverine island birds
are a uniquely Amazonian avifauna (Parker and Remsen 1983). For example, while the Congo
River Basin holds extensive riverine island archipelagos, and Parker and Remsen (1983) list 12
species that are restricted to “river-created habitats” in the Congo River Basin, all these species
are found in other river-associated habitats within the Congo River Basin (Billerman et al. 2020).
One species, Cinnyris congensis, could perhaps be considered a riverine island specialist, but is
poorly known (Billerman et al. 2020). In southeast Asia, the recently described Motacilla
samveasnae could be considered a riverine island specialist, but is largely restricted to river
banks and riverine islands lacking vegetation (Duckworth et al. 2001), thus presenting a
different habitat specialization syndrome than that found in the Amazonian riverine island
specialists. Although mammal species are found at high densities on riverine islands, these do
not differ from the surrounding várzea forests, and no mammals are known to be exclusively
riverine island specialists (Rabelo et al. 2019). Riverine island habitat specialization is poorly
characterized for other vertebrate clades and for many plant species, although the riverine
island plant communities as a whole are distinct from those on mainland shores (Lamotte
1990).
Although riverine island birds are widely considered to be specialized on young scrub
and successional forests, at least a few species have been found to colonize mainland habitats
following the clearing of primary forest (Armacost and Capparella 2012). This indicates that
they are not specialized on riverine islands, per se, but rather on young successional habitats
that are rare in the pristine parts of the Amazon Basin. With forest clearing near major
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Amazonian rivers, additional colonization of mainland habitats by these species may occur. I
have observed in Peru, many species of riverine island birds on what appeared to be islands
only recently reconnected with the mainland shore, also suggesting that these are not strictly
riverine island specialists, but rather habitat specialists on sandbar-scrub and Cecropia
successional habitat that predominates on riverine islands, but is also found to a lesser extent
on the margins of white-water rivers. My observations included some of the quintessential
riverine island specialists, such as Myrmochanes hemileucus, Talaphorus chlorocercus, and
Cranioleuca vulpecula.
Conservation concerns have led to a recent increase in research on the vertebrate fauna
of riverine islands, as river damming is expected to have adverse effects on riverine island
populations (Macedo and Castello 2015) due to the dependence of island formation on
hydrological processes (Kalliola et al. 1991) that would be disrupted or changed in a dammed
river system. It remains unclear whether colonization of mainland habitats or alteration of
hydrological processes will have a greater effect on populations of riverine island birds.
RESULTS
Riverine island species with high population structure
Phylogenetic and DAPC results for all riverine island species are shown in Figures B.3 to
B.34, ordered alphabetically by species.
While the majority of riverine island species contained little or no population structure,
three species contained relatively high levels of population structure across analyses. The
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genetic breaks in these three species largely correspond to range boundaries of described
subspecies. In two cases the primary genetic break occurred in the central Amazon Basin,
dividing eastern and western populations, with additional genetic breaks corresponding to river
basins. In Myrmoborus lugubris, the break occurred in the central Amazon to the west of the
Rio Negro, separating the three eastern taxa (nominate, stictopterus, and femininus) from the
western taxon berlepschi. In Thamnophilus nigrocinereus/cryptoleucus, the primary break also
occurred in the same region as in Myrmoborus lugubris, separating western cryptoleucus from
eastern nigrocinereus, with additional structure within subspecies of nigrocinereus. These
additional breaks primarily separated T. n. cinereoniger of the Rio Negro from the remaining
taxa of the eastern Amazon basin. Despite the primary genetic break in most clustering
analyses corresponding to the two species T. cryptoleucus and T. nigrocinereus, I recovered T.
cryptoleucus to be phylogenetically nested within T. nigrocinereus in all analyses, with T.
cryptoleucus sister to T. n. tschudii of the Madeira River. In Knipolegus orenocensis, the breaks
corresponded to the three subspecies from the Xingu, Orinoco, and Amazon river basins.
Although genetic results from Stigmatura napensis napensis of the Amazon basin
showed almost no genetic structure (Figure B.31), this species also contains the subspecies S. n.
bahiae of the dry forests of eastern South America. I found, with high bootstrap support, that
bahiae was sister to Stigmatura budytoides, rather than to nominate napensis (Figure B.32).
However, despite this striking paraphyly, multiple samples of S. n. bahiae were embedded
within S. budytoides and vice versa, which I suspect are from sample misidentification due to
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the strong morphological similarity between these sympatric taxa. This result requires further
confirmation.
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Figure B.1. Comparison of species-specific population genetic and summary statistics
across habitat type. Plots with significant differences across all habitat types from
ANOVAs accounting for phylogenetic non-independence are denoted with an asterisk
(see Table 3.2). The points in red are the riverine generalist species Ochthornis littoralis.
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Table B.1. Sample information for riverine island birds. Sample data for floodplain and upland
forest birds is published in detail in Harvey (2015) and Harvey et al. (2017b).

Species

Subspecies

Tissue number

Region

Latitude Longitude

Conirostrum bicolor bicolor

UFPE 5651/T1161 Rio Branco

1.50

-61.25

Conirostrum bicolor bicolor

UFPE 5118/T611

Rio Branco

0.78

-61.47

Conirostrum bicolor minus

Goeldi T22702

Rio Solimões

-3.84

-62.24

Conirostrum bicolor minus

LSUMZ 7282

Rio Solimões

-3.46

-72.68

Conirostrum bicolor minus

LSUMZ 43023

Rio Marañon

-4.75

-77.06

Conirostrum bicolor minus

LSUMZ 93328

Rio Huallaga

-5.40

-75.80

Conirostrum bicolor minus

INPA A1341

Rio Solimões

-2.70

-64.98

Conirostrum
margaritae

LSUMZ 25428

Rio Amazonas

-3.29

-60.22

Conirostrum
margaritae

LSUMZ 7293

Rio Solimões

-3.46

-72.68

Conirostrum
margaritae

LSUMZ 93298

Rio Huallaga

-5.40

-75.80

Conirostrum
margaritae

Goeldi T15984

Rio Madeira

-6.73

-62.35

Conirostrum
margaritae

INPA A18036

Rio Japurá

-1.82

-68.98

Cranioleuca
vulpecula

LSUMZ 25424

Rio Amazonas

-3.29

-60.22

Cranioleuca
vulpecula

LSUMZ 3637

Rio Solimões

-3.96

-73.21

Cranioleuca
vulpecula

LSUMZ 74799

Rio Ucayali

-10.71

-73.76

Cranioleuca
vulpecula

LSUMZ 79790

Rio Beni

-10.99

-66.08

(table cont’d.)
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Species

Tissue number

Region

Latitude Longitude

Cranioleuca
vulpecula

LSUMZ 3181

Rio Napo

-3.02

-73.36

Cranioleuca
vulpecula

LSUMZ 93331

Rio Huallaga

-5.40

-75.80

Cranioleuca
vulpecula

INPA A 123

Rio Madeira

-8.84

-64.03

Dendroplex kienerii

LSUMZ 80430

Sucunduri

-5.25

-59.70

Dendroplex kienerii

LSUMZ 29023

Rio Solimões

-3.46

-72.84

Dendroplex kienerii

LSUMZ 35627

Rio Amazonas

-2.52

-54.63

Dendroplex kienerii

LSUMZ 35692

Rio Solimões

-3.42

-68.95

Dendroplex kienerii

LSUMZ 20237

Rio Negro

-2.75

-60.75

Dendroplex kienerii

LSUMZ 25413

Rio Amazonas

-3.12

-59.85

Dendroplex kienerii

LSUMZ 93459

Rio Huallaga

-5.44

-75.81

Elaenia pelzelni

LSUMZ 7249

Rio Solimões

-3.46

-72.68

Elaenia pelzelni

Goeldi T22693

Rio Solimões

-3.84

-62.24

Furnarius minor

LSUMZ 3641

Rio Solimões

-3.96

-73.21

Furnarius minor

LSUMZ 45888

Rio Amazonas

-2.87

-58.14

Furnarius minor

LSUMZ 74803

Rio Ucayali

-10.71

-73.76

Furnarius minor

LSUMZ 7265

Rio Solimões

-3.46

-72.68

Furnarius minor

LSUMZ 42939

Rio Marañon

-4.75

-77.06

Furnarius minor

Goeldi T16304

Rio Madeira

-4.13

-59.37

Furnarius minor

INPA A1339

Rio Japurá

-2.71

-64.98

COP 882

Rio Orinoco
delta

8.56

-61.57

Knipolegus
orenocensis

Subspecies

orenocensis

(table cont’d.)
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Species

Subspecies

Tissue number

Region

Latitude Longitude

Knipolegus
orenocensis

orenocensis

COP 629

Rio Orinoco

5.48

-67.62

Knipolegus
orenocensis

sclateri

LSUMZ 43080

Rio Marañon

-4.75

-77.06

Knipolegus
orenocensis

sclateri

Goeldi T16338

Rio Madeira

-4.13

-59.37

Knipolegus
orenocensis

sclateri

INPA A11140

Rio Amazonas

-3.29

-60.22

Knipolegus
orenocensis

sclateri

INPA A18068

Rio Japurá

-1.82

-68.98

Knipolegus
orenocensis

sclateri

LSUMZ 75980

Rio Ucayali

-10.71

-73.76

Knipolegus
orenocensis

sclateri

LSUMZ 3178

Rio Napo

-3.02

-73.36

Knipolegus
orenocensis

sclateri

LSUMZ 3647

Rio Solimões

-3.96

-73.21

Knipolegus
orenocensis

sclateri

LSUMZ 93474

Rio Huallaga

-5.47

-75.89

Knipolegus
orenocensis

xinguensis

Goeldi T15658

Rio Araguaia

-9.25

-50.01

Knipolegus
orenocensis

xinguensis

USNM T303

Rio Xingu

-3.63

-52.42

Leucippus
chlorocercus

LSUMZ 7264

Rio Solimões

-3.46

-72.68

Leucippus
chlorocercus

LSUMZ 74801

Rio Ucayali

-10.71

-73.76

Leucippus
chlorocercus

LSUMZ 43036

Rio Marañon

-4.75

-77.06

Leucippus
chlorocercus

LSUMZ 93457

Rio Huallaga

-5.40

-75.80

Mazaria propinqua

LSUMZ 7289

Rio Solimões

-3.46

-72.68

(table cont’d.)
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Species

Subspecies

Tissue number

Region

Latitude Longitude

Mazaria propinqua

LSUMZ 75947

Rio Ucayali

-10.71

-73.76

Mazaria propinqua

LSUMZ 79789

Rio Beni

-10.99

-66.08

Mazaria propinqua

LSUMZ 43083

Rio Marañon

-4.75

-77.06

Mazaria propinqua

LSUMZ 93326

Rio Huallaga

-5.40

-75.80

Mazaria propinqua

Goeldi T16312

Rio Madeira

-4.13

-59.37

Mazaria propinqua

UFPE 5516/T1027 Rio Branco

1.48

-61.25

Mazaria propinqua

UFPE 5254

Rio Branco

-0.61

-61.81

Myrmoborus
lugubris

berlepschi

LSUMZ 93417

Rio Huallaga

-5.40

-75.80

Myrmoborus
lugubris

femininus

Goeldi T22751

Rio Madeira

-4.37

-59.60

Myrmoborus
lugubris

femininus

LSUMZ 80385

Rio Madeira

-3.69

-59.09

Myrmoborus
lugubris

femininus

Goeldi 73846

Rio Madeira

-3.59

-58.94

Myrmoborus
lugubris

lugubris

Goeldi T22926

Rio Amazonas

-1.54

-52.52

Myrmoborus
lugubris

stictopterus

INPA A 2193

Rio Branco

1.24

-61.31

Myrmoborus
lugubris

stictopterus

LSUMZ 25513

Rio Negro

-1.87

-61.42

Myrmoborus
lugubris

berlepschi

Goeldi ETA233

Rio Solimões

-3.27

-64.71

Myrmochanes
hemileucus

LSUMZ 74774

Rio Ucayali

-10.71

-73.76

Myrmochanes
hemileucus

LSUMZ 43093

Rio Marañon

-4.75

-77.06

Myrmochanes
hemileucus

LSUMZ 3649

Rio Solimões

-3.96

-73.21

(table cont’d.)
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Species

Subspecies

Tissue number

Region

Latitude Longitude

Myrmochanes
hemileucus

Goeldi T16307

Rio Madeira

-4.13

-59.37

Myrmochanes
hemileucus

Goeldi T22712

Rio Solimões

-3.84

-62.24

Myrmochanes
hemileucus

INPA A 1340

Rio Japurá

-2.70

-64.98

Myrmochanes
hemileucus

INPA A 11135

Rio Solimões

-3.43

-60.75

Myrmotherula
assimilis

assimilis

LSUMZ 23703

Rio Madeira

-4.37

-59.60

Myrmotherula
assimilis

assimilis

LSUMZ 93460

Rio Huallaga

-5.40

-75.80

Myrmotherula
assimilis

assimilis

Goeldi T14289

Rio Javari

-4.49

-71.55

Myrmotherula
assimilis

assimilis

INPA A 8418

Rio Branco

-0.95

-61.87

Myrmotherula
assimilis

transamazonica? Goeldi T23587

Rio Amazonas

-2.58

-56.68

Myrmotherula
assimilis

unknown

Goeldi 73294

Rio Madeira

-8.22

-63.18

Myrmotherula
assimilis

assimilis

Goeldi ETA212

Rio Solimões

-3.38

-64.64

Myrmotherula
klagesi

LSUMZ 20250

Rio Negro

-2.75

-60.75

Myrmotherula
klagesi

LSUMZ 25562

Rio Amazonas

-2.83

-58.14

Myrmotherula
klagesi

LSUMZ 81357

Rio Madeira

-3.59

-58.94

Myrmotherula
klagesi

LSUMZ 25511

Rio Negro

-1.87

-61.42

Myrmotherula
klagesi

INPA A8276

Rio Branco

1.56

-61.24

(table cont’d.)
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Species

Subspecies

Tissue number

Region

Latitude Longitude

Myrmotherula
klagesi

INPA A15925

Rio Branco

-0.11

-61.80

Myrmotherula
klagesi

INPA A048

Rio Solimões

-3.90

-62.82

Ochthornis littoralis

LSUMZ 81242

Rio Sucunduri

-5.54

-59.72

Ochthornis littoralis

LSUMZ 968

Rio Beni

-15.27

-67.49

Ochthornis littoralis

LSUMZ 35432

Rio Teles Pires

-9.63

-55.94

Ochthornis littoralis

LSUMZ 93193

Rio Huallaga

-5.54

-75.71

Ochthornis littoralis

COP 964

Rio Orinoco

6.83

-63.14

Ochthornis littoralis

INPA A4762

Rio Purus

-8.45

-67.68

Ochthornis littoralis

INPA A8301

Rio Branco

1.56

-61.24

Ochthornis littoralis

Goeldi T19792

Rio Ratão

-5.30

-56.98

Ochthornis littoralis

Goeldi T963

Rio Mucajai

2.68

-61.27

Ochthornis littoralis

Goeldi T22557

Rio Solimões

-2.49

-66.07

Ochthornis littoralis

Goeldi T1998

Rio Acre

-11.05

-70.22

Ochthornis littoralis

Goeldi T23235

Rio Jutaí

-3.26

-67.34

Serpophaga
hypoleuca

hypoleuca

LSUMZ 43033

Rio Marañon

-4.75

-77.06

Serpophaga
hypoleuca

hypoleuca

LSUMZ 74789

Rio Ucayali

-10.71

-73.76

Serpophaga
hypoleuca

hypoleuca

LSUMZ 93475

Rio Huallaga

-5.47

-75.89

Serpophaga
hypoleuca

hypoleuca

LSUMZ 79793

Rio Beni

-10.99

-66.08

Serpophaga
hypoleuca

hypoleuca

UFPE 5656/T1166 Rio Branco

1.50

-61.25

(table cont’d.)
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Species

Subspecies

Tissue number

Region

Latitude Longitude

Serpophaga
hypoleuca

hypoleuca

INPA A 15959

Rio Amazonas

-3.22

-59.05

Serpophaga
hypoleuca

hypoleuca

INPA A 1342

Rio Solimões

-2.73

-64.97

Serpophaga
hypoleuca

hypoleuca

UFPE 8386

Rio Branco

-1.02

-61.88

Serpophaga
hypoleuca

hypoleuca

LSUMZ 43050

Rio Marañon

-4.75

-77.06

Serpophaga
hypoleuca

venezuelana

COP 632

Rio Orinoco

5.48

-67.62

Stigmatura napensis napensis

LSUMZ 3175

Rio Napo

-3.02

-73.36

Stigmatura napensis napensis

LSUMZ 43079

Rio Marañon

-4.75

-77.06

Stigmatura napensis napensis

Goeldi T16303

Rio Madeira

-4.38

-59.75

Stigmatura napensis napensis

INPA A15960

Rio Amazonas

-3.22

-59.05

Stigmatura napensis napensis

UFPE 5650/T1017 Rio Branco

1.50

-61.25

Stigmatura napensis napensis

LSUMZ 89217

Rio Ucayali

-10.64

-73.84

Stigmatura napensis napensis

LSUMZ 7240

Rio Solimões

-3.46

-72.68

Stigmatura napensis napensis

UFPE T764

Rio Branco

0.07

-61.77

Stigmatura napensis napensis

UFPE T766

Rio Branco

0.07

-61.77

Stigmatura napensis napensis

UFPE 5249

Rio Branco

0.07

-61.77

Thamnophilus
cryptoleucus

LSUMZ 25431

Rio Amazonas

-3.14

-59.84

Thamnophilus
cryptoleucus

LSUMZ 74103

Rio Ucayali

-10.75

-73.75

Thamnophilus
cryptoleucus

LSUMZ 7285

Rio Solimões

-3.46

-72.68

(table cont’d.)
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Species

Subspecies

Tissue number

Region

Latitude Longitude

LSUMZ 93318

Rio Huallaga

-5.40

-75.80

Goeldi T22677

Rio Madeira

-3.57

-58.92

Thamnophilus
cryptoleucus

Goeldi T22714

Rio Solimões

-3.29

-60.22

Thamnophilus
cryptoleucus

Goeldi ETA201

Rio Solimões

-2.48

-66.01

Thamnophilus
cryptoleucus
Thamnophilus
cryptoleucus

hybrid x T. n.
tschudii

Thamnophilus
nigrocinereus

cinereoniger

INPA A2165

Rio Branco

1.81

-61.13

Thamnophilus
nigrocinereus

cinereoniger

INPA A3093

Rio Negro

-1.87

-61.42

Thamnophilus
nigrocinereus

cinereoniger

Goeldi 77261

Rio Negro

-0.13

-67.07

Thamnophilus
nigrocinereus

cinereoniger

LSUMZ 20234

Rio Negro

-2.75

-60.75

Thamnophilus
nigrocinereus

huberi

INPA A10843

Rio Tapajós

-4.31

-56.02

Thamnophilus
nigrocinereus

huberi

MZUSP 92841

Rio Tapajós

-7.37

-58.10

4.03

-51.70

Thamnophilus
nigrocinereus

kulczynski

MPEG OI001

Rio Amazonas
delta

Thamnophilus
nigrocinereus

nigrocinereus

Goeldi T23595

Rio Amazonas

-1.54

-52.52

Thamnophilus
nigrocinereus

nigrocinereus

MZUSP 93302

Rio Amazonas

-1.53

-52.46

Thamnophilus
nigrocinereus

tschudii

INPA A295

Rio Madeira

-5.35

-60.73
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Figure B.2. Locations for samples of riverine island birds obtained for this study to show an
approximation of the distribution of riverine island habitat in the Amazon Basin. Colors refer to
different species, but considerable overlap in localities obscures many species sample localities.
Refer to table B.1 for species-specific localities. Map from Google (n.d.).
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Table B.2. Reference mitochondrial genome samples used for matching off-target UCE reads.
Riverine island species

Reference species

GenBank number

Conirostrum bicolor

Sicalis olivascens

NC_037153.1

Conirostrum margaritae

Sicalis olivascens

NC_037153.1

Cranioleuca vulpecula

Lepidocolaptes angustirostris

NC_037154.1

Dendroplex kienerii

Lepidocolaptes angustirostris

NC_037154.1

Elaenia pelzelni

Cnemotriccus fuscatus

NC_007975.1

Furnarius minor

Lepidocolaptes angustirostris

NC_037154.1

Knipolegus orenocensis

Mionectes oleagineus

NC_024682.1

Leucippus chlorocercus

Amazilia brevirostris

NC_033406.1

Mazaria propinqua

Lepidocolaptes angustirostris

NC_037154.1

Myrmoderus loricatus

Gustavo A. Bravo,
unpublished

Myrmoderus loricatus

Gustavo A. Bravo,
unpublished

Myrmoderus loricatus

Gustavo A. Bravo,
unpublished

Myrmotherula klagesi

Myrmoderus loricatus

Gustavo A. Bravo,
unpublished

Ochthornis littoralis

Cnemotriccus fuscatus

NC_007975.1

Serpophaga hypoleuca

Cnemotriccus fuscatus

NC_007975.1

Stigmatura napensis

Cnemotriccus fuscatus

NC_007975.1

Myrmoborus lugubris
Myrmochanes hemileucus
Myrmotherula assimilis

Thamnophilus cryptoleucus Myrmoderus loricatus

Luciano N. Naka, unpublished

Thamnophilus nigrocinereus Myrmoderus loricatus

Luciano N. Naka, unpublished
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Table B.3. Samples removed from analysis.
Sample

Failure reason

Cantorchilus_leucotis_INPA9220

misidentified

Celeus_flavus_FMNH456695

misidentified

Celeus_flavus_USNMB12681

high mtDNA contamination

Conirostrum_bicolor_KU5685

sequencing failure

Conirostrum_bicolor_COP1462

misidentified (likely Sakesphorus canadensis)

Conirostrum_margaritae_INPA18036

misidentified (likely Pygochelidon cyanoleuca)

Crypturellus_undulatus_KU642

misidentified

Crypturellus_undulatus_FMNH397702

sequencing failure

Crypturellus_variegatus_MPEG6592

sequencing failure

Elaenia_ridleyana_MZUSP80416

few loci after removing UCE contamination

Furnarius_minor_LSU42939

high mtDNA contamination

Furnarius_minor_Goeldi16304

high mtDNA contamination

Glaucidium_brasilianum_LSUMNS27418

few loci after removing UCE contamination

Glaucidium_brasilianum_LSUMNS48547b

duplicate

Glaucidium_hardyi_LSUMNS9439

high mtDNA contamination

Glaucidium_brasilianum_MPEG11676

sequencing failure

Hylophylax_naevia_LSUMNS40512

misidentified

Hylophylax_naevia_LSUMNS4409

misidentified

Hylophylax_punctulata_MPEG14398

misidentified (likely Hylophylax naevia)

Hylophylax_punctulata_MPEG12248

sequencing failure

(table cont’d.)
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Sample

Failure reason

Mazaria_propinqua_LSU75947

excess of single-copy SNP alleles (less than -0.49)

Mazaria_propinqua_T767

sequencing failure

Monasa_morphoeus_LSUMNS12336

high mtDNA contamination

Myrmochanes_hemileucus_LSU43093

excess of single-copy SNP alleles (less than -0.49)

Myrmotherula_assimilis INPA_A_8337

sequencing failure

Ochthornis_littoralis_COP964

sequencing failure

Ochthornis_littoralis_LSU40723

few loci after removing UCE contamination

Ochthornis_littoralis_LSUMNS_28103

misidentified (likely Knipolegus sp.)

Phaethornis_bourcieri_MPEG17289

high mtDNA contamination

Piaya_melanogaster_USNMB14512

excess of single-copy SNP alleles (less than -0.49)

Piaya_cayana_LSUMNS4718

sequencing failure

Pipra_fasciicauda_LSUMNS36694

misidentified

Schiffornis_major_INPA4908

few loci after removing UCE contamination

Schiffornis_major_MPEG15841

excess of single-copy SNP alleles (less than -0.49)

Serpophaga_hypoleuca_LSU74789

few loci after removing UCE contamination

Stigmatura_bahiae_T523

high mtDNA contamination

Stigmatura_bahiae_FMNH_392295

few loci after removing UCE contamination

Stigmatura_napensis_LSU43079

few loci after removing UCE contamination

Stigmatura_napensis_UFPE_T1017

excess of single-copy SNP alleles (less than -0.49)

Tachyphonus_cristatus_MPEG12203

misidentified

Tachyphonus_cristatus_MPEG8688

misidentified

(table cont’d.)
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Sample

Failure reason

Tachyphonus_cristatus_MPEG1439

sequencing failure

Thamnophilus_nigrocinereus_ INPA_A3528 misidentified (likely Thamnophilus aethiops)
Xiphorhynchus_spixii_FMNH397958

sequencing failure
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Figure B.3. Principal component analysis of population structure in Conirostrum bicolor. Points
are colored by similarity on the third principal component axis. Circles correspond to population
assignments from DAPC. Points are labeled by geographic region.
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Figure B.4. Principal component analysis of population structure in Conirostrum margaritae.
Points are colored by similarity on the third principal component axis. Circles correspond to
population assignments from DAPC. Points are labeled by geographic region.
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Figure B.5. Phylogeny of Conirostrum bicolor and C. margaritae, estimated in RAxML 8.2.10
(Stamatakis 2014) from the concatenated UCE dataset. Node support values are bootstraps.
The two nominate bicolor samples nested within the Amazonian clade are from the Rio Branco.
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Figure B.6. Principal component analysis of population structure in Cranioleuca vulpecula.
Points are colored by similarity on the third principal component axis. Points are labeled by
geographic region.
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Figure B.7. Phylogeny of Cranioleuca vulpecula, estimated in RAxML 8.2.10 (Stamatakis 2014)
from the concatenated UCE dataset. Node support values are bootstraps.
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Figure B.8. Principal component analysis of population structure in Dendroplex kienerii. Points
are colored by similarity on the third principal component axis. Points are labeled by geographic
region.
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Figure B.9. Phylogeny of Dendroplex kienerii, estimated in RAxML 8.2.10 (Stamatakis 2014) from
the concatenated UCE dataset. Node support values are bootstraps.
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Figure B.10. Principal component analysis of population structure in Furnarius minor. Points are
colored by similarity on the third principal component axis. Points are labeled by geographic
region.
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Figure B.11. Phylogeny of Furnarius minor, estimated in RAxML 8.2.10 (Stamatakis 2014) from
the concatenated UCE dataset. Node support values are bootstraps. Note that two samples,
LSUMNS 42939 and Goeldi 16304 showed a high proportion of mitochondrial DNA
contamination, so their position in this phylogeny should be treated with caution. Both samples
were excluded from phylogenetic ANOVAs.
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Figure B.12. Principal component analysis of population structure in Knipolegus orenocensis.
Points are colored by similarity on the third principal component axis. Circles correspond to
population assignments from DAPC. Points are labeled by subspecies. Note that two
subspecies, orenocensis and xinguensis, are found outside the Amazon Basin.
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Figure B.13. Principal component analysis of population structure in Knipolegus orenocensis
sclateri, the subspecies found in the Amazon Basin. Points are colored by similarity on the third
principal component axis. Points are labeled by geographic region.
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Figure B.14. Phylogeny of Knipolegus orenocensis, estimated in RAxML 8.2.10 (Stamatakis 2014)
from the concatenated UCE dataset. Node support values are bootstraps.
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Figure B.15. Principal component analysis of population structure in Talaphorus (Leucippus)
chlorocercus. Points are colored by similarity on the third principal component axis. Circles
correspond to population assignments from DAPC. Points are labeled by geographic region.
Note that I did not estimate a rooted phylogeny for Talaphorus due to a lack of outgroup
samples.
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Figure B.16. Principal component analysis of population structure in Mazaria propinqua. Points
are colored by similarity on the third principal component axis. Circles correspond to population
assignments from DAPC. Points are labeled by geographic region.
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Figure B.17. Phylogeny of Mazaria propinqua, estimated in RAxML 8.2.10 (Stamatakis 2014)
from the concatenated UCE dataset. Node support values are bootstraps. One sample
(LSU75947) with a long terminal branch had a relatively high percentage of missing data, and is
also the outlier in the PCA plot above.
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Figure B.18. Principal component analysis of population structure in Myrmotherula assimilis.
Points are colored by similarity on the third principal component axis. Points are labeled by
geographic region.
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Figure B.19. Phylogeny of Myrmotherula assimilis, estimated in RAxML 8.2.10 (Stamatakis 2014)
from the concatenated UCE dataset. Node support values are bootstraps.
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Figure B.20. Principal component analysis of population structure in Myrmochanes hemileucus.
Points are colored by similarity on the third principal component axis. Points are labeled by
geographic region.
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Figure B.21. Phylogeny of Myrmotherula assimilis, estimated in RAxML 8.2.10 (Stamatakis 2014)
from the concatenated UCE dataset. Node support values are bootstraps.
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Figure B.22. Principal component analysis of population structure in Myrmotherula klagesi.
Points are colored by similarity on the third principal component axis. Points are labeled by
geographic region.
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Figure B.23. Phylogeny of Myrmotherula klagesi, estimated in RAxML 8.2.10 (Stamatakis 2014)
from the concatenated UCE dataset. Node support values are bootstraps.
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Figure B.24. Principal component analysis of population structure in Myrmoborus lugubris.
Points are colored by similarity on the third principal component axis. Circles correspond to
population assignments from DAPC. Points are labeled by geographic region.
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Figure B.25. Phylogeny of Myrmoborus lugubris, estimated in RAxML 8.2.10 (Stamatakis 2014)
from the concatenated UCE dataset. Node support values are bootstraps.
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Figure B.26. Principal component analysis of population structure in Ochthornis littoralis. Points
are colored by similarity on the third principal component axis. Points are labeled by geographic
region. Two samples, those from the Orinoco and Pauya rivers, had a very high percentage of
missing data, and their position at the center of the plot is likely an artifact of the low
information content in those samples.
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Figure B.27. Phylogeny of Ochthornis littoralis, estimated in RAxML 8.2.10 (Stamatakis 2014)
from the concatenated UCE dataset. Node support values are bootstraps.
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Figure B.28. Principal component analysis of population structure in Serpophaga hypoleuca.
Points are colored by similarity on the third principal component axis. Points are labeled by
geographic region. The population from Rio Orinoco is referable to the subspecies venezuelana,
but the subspecies pallida from the lower Amazon was not sampled.
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Figure B.29. Principal component analysis of population structure in Serpophaga hypoleuca.
Points are colored by similarity on the third principal component axis. Points are labeled by
geographic region. To show population structure within the Amazon Basin, the sample of
venezuelana from Rio Orinoco is removed.
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Figure B.30. Phylogeny of Serpophaga hypoleuca, estimated in RAxML 8.2.10 (Stamatakis 2014)
from the concatenated UCE dataset. Node support values are bootstraps.
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Figure B.31. Principal component analysis of population structure in Stigmatura napensis.
Points are colored by similarity on the third principal component axis. Points are labeled by
geographic region.
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Figure B.32. Phylogeny of Stigmatura napensis and S. budytoides, estimated in RAxML 8.2.10
(Stamatakis 2014) from the concatenated UCE dataset. Node support values are bootstraps.
Note that this phylogeny includes samples not used in the main study, and are thus not listed in
the sampling table. Samples of S. napensis bahiae within S. budytoides, and vice versa, require
confirmation via identification of voucher skins. One sample of S. n. napensis within S. n. bahiae
may represent a data entry error and requires verification (L. N. Naka pers. comm.).
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Figure B.33. Principal component analysis of population structure in the Thamnophilus
cryptoleucus/nigrocinereus species complex. Points are colored by similarity on the third
principal component axis. Circles correspond to population assignments from DAPC. Points are
labeled by geographic region.
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Figure B.34. Phylogeny of the Thamnophilus cryptoleucus/nigrocinereus species complex,
estimated in RAxML 8.2.10 (Stamatakis 2014) from the concatenated UCE dataset. Node
support values are bootstraps.

225

Figure B.35. Per-locus coverage for mitochondrial, uncontaminated UCE, and contaminated UCE
loci.
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Figure B.36. Species-level phylogeny used in phylogenetic ANOVA analyses, estimated in RAxML
8.2.10 (Stamatakis 2014). Tips are color coded by habitat type. Green = riverine island, orange =
floodplain forest, blue = upland forest. All except two nodes received bootstrap support values
of 100%.
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APPENDIX C. SUPPLEMENTARY MATERIAL TO CHAPTER 4
METHODS
Occurrence record data filtering
In addition to the methods described in the main text, I conducted extensive data
filtering to minimize potential sources of error in the combined community science occurrence
records database. I explored coordinate data for each species in my database to search for
outlier records suggestive of mis-plotting or misidentification and removed these from the
database. I filtered to breeding records all species categorized as a “full migrant” by Sheard et
al. (2020) or categorized as having different breeding and wintering ranges by Clements et al.
(2019). I restricted records to June-July for boreal migrant species and to November-February
for austral migrant species. For partially migratory species I restricted records to the breeding
season across regions where migratory populations are known to occur, and allowed records
year-round for fully resident populations. Because migratory species are prone to long-distance
vagrancy (Thorup 2010, Ralph and Wolfe 2018), and these records occasionally occur during the
breeding season, I removed all records for species outside of their normal distribution, for
example records of Tyrannus savana and Myiarchus sagrae from the United States.
Additionally, a handful of special cases are described below in detail. For each case I
determined breeding and non-breeding distributions from Billerman et al. (2020).
Five species of migratory suboscines represent special cases for which I conducted
additional filtering steps, informed by distributional and phenological data from Billerman et al.
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(2020). Three species, Pyrocephalus rubinus, Myiarchus tyrannulus, and Myiodynastes
maculatus, contain both austral and boreal migrant populations, while Elaenia albiceps contains
a complex mix of resident and long-distance austral migrant populations. For the former three
species I filtered records to the breeding season separately for the boreal and austral migrant
populations. In regions where migratory and resident populations overlap I restricted records to
the breeding season for the overlapping migratory population, to exclude non-breeding records
of migrant individuals. For Elaenia albiceps I included only breeding season records from the
entire range, except for a resident population in coastal western South America (Ancash, Peru
to Antofagasta, Chile) that is not known to overlap with migratory populations. Additionally,
Legatus leucophaius is an exceptionally early boreal migrant in Central America, but has
resident and partially migratory populations in South America. For this species I restricted
records to between April 15 and June 15 for Central America, Colombia, and Venezuela, to
November-March for Brazil, Uruguay, Paraguay, and Argentina, and year-round for the
remaining countries in which it occurs.
eBird data validation
Because eBird data are entered by observers with a wide range of field experience,
there is variation in data quality across the database that may confound results. To assess the
utility of eBird data for calculating co-occurrence metrics I compared my estimates of cooccurrence from eBird to those obtained from the Breeding Bird Survey (BBS; Sauer et al. 2013),
which is conducted with standardized protocols by experienced field observers. The BBS
consists of >4,100 surveys each consisting of fifty 3-minute point counts and is conducted
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annually in the breeding season across the United States and Canada. I analyzed the “50-stop”
data from 1997 to 2017, the years for which data are available from each point count on each
BBS survey. After formatting the BBS data to conform to the eBird taxonomy, I restricted the
eBird dataset to the 35 suboscine species detected in the BBS surveys and to records from only
the United States and Canada. I used matrix multiplication and matrix transpose in R 3.6.3 (R
Core Team 2020) to count co-occurrences for each species in each database and tested for
correlations between the two estimates. I tested for correlations with and without allopatric
species comparisons included.
Morphometric trait data filtering
Morphometrics data were sourced from databases compiled by collaborators for use in
other projects. I aligned all databases to the Clements et al. (2019) taxonomy and merged all
databases, which were subsequently integrated into the AVONET database (Tobias et al. in
press). From the raw morphometrics variables I conducted multiple data filtering and data
cleaning strategies. I removed all records for which there were three or fewer traits measured
(i.e. low percent completeness). After calculating the variance of each trait for each species, I
searched for outliers to detect potentially erroneous measurements and removed these
records. I also searched for discrepancies between trait measures obtained from different data
sources and removed species with inconsistent measurements across database sources.
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Ecological data
I obtained habitat data from Stotz et al. (1996) for New World taxa. After changing
species names and taxonomic treatments to conform to Clements et al. (2019) taxonomy, I
added all new taxa to the database since Stotz et al. (1996), whether due to species
descriptions or subspecies elevated to species level. Elevational data for these added species
was obtained from Billerman et al. (2020). I also updated elevational data for species in Stotz et
al. (1996) that were labeled as having a single value for elevational range using data from
Billerman et al. (2020), BirdLife International (2020) range maps, and/or terrain maps.
Range overlap
Previous macroevolutionary studies (Pigot and Tobias 2013, Laiolo et al. 2017, Pigot et
al. 2018) have used a Szymkiewicz-Simpson coefficient of 0.2 to assign species as sympatric or
allopatric. To explore a biologically realistic cutoff for suboscines I repeated analyses across
range overlap cutoffs in 10-percentile increments from 0.1 to 1.0.
RESULTS
Citizen science data validation
Across all pairwise species comparisons, estimates of the degree of sympatry from
BirdLife range maps (the Szymkiewicz-Simpson coefficient) and from citizen science data were
correlated (Pearson’s R = 0.60, P << 0.01, N = 534,196), and were highly correlated when
filtered to species in the United States and Canada (Pearson’s R = 0.91, P << 0.01, N = 1,014).
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Likewise, log-transformed estimates of the degree of syntopy from BBS and citizen science data
from species in the United States and Canada were highly correlated (Pearson’s R = 0.97, P <<
0.01, N = 900). All the above pairwise comparisons include comparisons only for species with
overlapping geographic distributions (i.e. sympatry > 0 in either dataset). Comparisons including
allopatric comparison were more highly significant.
Trait divergence
Family-specific results of hazard ratios on traits explaining the transition to sympatry,
syntopy, and allotopy are shown in Table C.4. Random resampling with replacement of trait
differences revealed a significant degree of trait divergence only when comparing parapatric
and sympatric pairs. Effects were strongest for plumage, especially for achromatic divergence in
ventral coloration of males, and in chromatic divergence in dorsal coloration in both sexes.
Divergence in morphometrics was likewise strong for most traits, but weak for tail length, and
zero effect in Hand-Wing Index. Divergence in song was generally weak, with only slightly
significant differences in note slope, peak frequency, and bandwidth. However, trait divergence
may progress quickly in the initial stages of speciation (early burst) and taper off before ranges
begin to overlap. Higher trait divergence in youngest allopatric comparisons may indicate traits
involved in these early stages of speciation. Traits in my dataset with higher mean divergence in
allopatric pairs include both chromatic and achromatic distances for both males and females in
the crown and in all ventral plumage patches, and most song traits with the exception of
frequency change and max power (notably high averages include traits related to note slope,
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length, and count). Mean divergence in most morphometric traits was low for allopatric pairs,
with slightly higher values for Hand-Wing Index and tail length.
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Table C.1. Metadata for morphological trait variables

Variable name

Details

Morph.PCs

Euclidean distance between individuals from a Principal
Components Analysis of morphometric traits

Morph.pPCs

Euclidean distance between individuals from a phylogenetic
Principal Components Analysis of morphometric traits

Morph.mahalanobis

Mahalanobis distance between individuals from matrix of
morphometric traits

Tarsus.Length

AVmillimetersONET data, in . Tarsus length averaged across
individuals.

Bill.Total.Culmen

AVONET data, in millimeters. Total culmen length averaged
across individuals.

Wing.Chord

AVONET data, in millimeters. Wing chord (unflattened) length
averaged across individuals.

Bill.Nares

AVONET data, in millimeters. Bill length from nares averaged
across individuals.

Bill.Width

AVONET data, in millimeters. Bill width at nares averaged across
individuals.

Bill.Depth

AVONET data, in millimeters. Bill depth at nares averaged across
individuals.

Kipps.Distance

AVONET data, in millimeters. Kipp's distance (longest primary
minus S1. In this database = average_Wing_Chord average_Secondary1) averaged across individuals.

Secondary1

AVONET data, in millimeters. Wing chord to S1 averaged across
individuals.

Hand.Wing.Index.
Claramunt.2011

Data from AVONET and Claramunt (2011). The Hand-Wing Index
(HWI), also known as the Kipp's Index, averaged across
individuals. HWI = 100 * (Kipp's Distance - Wing Chord)

Tail.Length

AVONET data, in millimeters. Tail length averaged across
individuals.

Gape.width

AVONET data, in millimeters. Gape width averaged across
individuals.

(table cont’d.)
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HWI

Per-species average of Hand-Wing Index. Data from Sheard et al.
(2020)

Body.mass.log

Log of Body Mass. Data from Sheard et al. (2020) Nature Comm.,
based on Dunning (2007) and Tobias and Pigot (2019)

Range.Size

Number of 1 degree x 1 degree grid cells overlapping
breeding/resident range. Data from Sheard et al. (2020)

Song.PCs

Euclidean distance between individuals from a Principal
Components Analysis of song traits

Song.pPCs

Euclidean distance between individuals from a phylogenetic
Principal Components Analysis of song traits

Song.mahalanobis

Mahalanobis distance between individuals from matrix of song
traits

Number.of.Note.Types

Number of different types of notes in the song

Note.Min.Freq.Average

Average minimum frequency of all notes in song

Note.Min.Freq.Variance

Variance of minimum frequency of all notes in song

Note.Max.Freq.Average

Average maximum frequency of all notes in song

Note.Max.Freq.Variance

Variance of maximum frequency of all notes in song

Note.Length.Average

Average length of all notes in song

Note.Length.Variance

Variance of length of all notes in song

Note.Bandwidth.Average

Average of bandwidth of all notes in song

Note.Bandwidth.Variance

Variance of bandwidth of all notes in song

Note.Peak.Freq.Average

Average of peak frequency (frequency with the greatest energy)
of all notes in song

Note.Peak.Freq.Variance

Variance of peak frequency (frequency with the greatest energy)
of all notes in song

Song.Peak.Freq

Peak frequency (frequency with the greatest energy) of song

Song.Min.Freq

Minimum frequency of song

(table cont’d.)
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Variable name

Details

Song.Max.Freq

Maximum frequency of song

Duration.1st.note

Duration of 1st note

Max.Freq.1st.note

Maximum frequency of 1st note

Song.Bandwidth

Bandwidth of song

Note.Count

Number of notes in song

Song.Duration.sec.

Length of song (start of first note to end of last note)

Duration.middle.note

Duration of middle note in song

Max.freq.middle.note

Maximum frequency of middle note in song

Duration.Final.Note

Duration of final note in song

Max.Freq.Final.Note

Maximum frequency of final note in song

Duration.longest.note

Duration of the longest note in song

Note.Slope.Average

Average of slope (frequency change divided by duration) of all
notes in song

Note.Slope.Variance

Variance of slope (frequency change divided by duration) of all
notes in song

Max.Note.Slope

Maximum slope (frequency change divided by duration) of all
notes in song

Pause.Length.Average

Average length of all pauses (duration between end time of a
note and start time of the following note) in song

Pause.Length.Variance

Variance of length of all pauses (duration between end time of a
note and start time of the following note) in song

Note.Slope.first.note

Slope (frequency change divided by duration) of first note in song

Note.Slope.middle.note

Slope (frequency change divided by duration) of middle note in
song

Note.Slope.final.note

Slope (frequency change divided by duration) of final note in song

(table cont’d.)
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Variable name

Details

Duration.longest.pause

Longest pause (duration between end time of a note and start
time of the following note) in song

Pace1

Number of notes in first third of song divided by the duration of
the first third of song

Pace2

Number of notes in middle third of song divided by the duration
of the middle third of song

Pace3

Number of notes in final third of song divided by the duration of
the final third of song

Pace.Change.1

Pace 2 divided by Pace 1

Pace.Change.2

Pace 3 divided by Pace 1

Note.Rate

Number of notes in song divided by duration of song

Freq.Change.1

Max frequency of middle note divided by max frequency of 1st
note

Freq.Change.2

Max frequency of final note divided by max frequency of 1st note

Dur.Change.1

Duration of middle note divided by 1st note

Dur.Change.2

Duration of final note divided by 1st note

Note.Slope.Ch1

Note slope of middle note divided by note slope of first note

Note.Slope.Ch2

Note slope of final note divided by note slope of first note

Note.5.Freq

The average frequency above which is 95% of the energy for all
notes in the song

Note.95.Freq

The average frequency below which is 95% of the energy for all
notes in the song

Song.Min.Freq.5

The lowest 5% frequency from all notes in the song

Song.Max.Freq.95

The highest 95% frequency from all notes in the song

Song.Freq.5.Variance

The variance in note 5% frequency

Song.Freq.95.Variance

The variance in note 95% frequency

(table cont’d.)
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Variable name

Details

Note.Bandwidth.90

Average difference between 95% frequency and 5% frequency for
all notes in the song

Note.Bandwidth.90.Variance Variance in difference between 95% frequency and 5% frequency
for all notes in the song
Song.Bandwidth2

Difference between song 95% frequency and song 5% frequency

Note.Slope.2.Average

Average of 90% Bandwidth for each note divided by note
duration

Note.Slope.2.Variance

Variance of 90% Bandwidth for each note divided by note
duration

Note.Slope.2.Max

Maximum 90% Bandwidth for each note divided by note duration

X95.Freq1

Average 95% Frequency for first third of the song

X95.Freq2

Average 95% Frequency for middle third of the song

X95.Freq3

Average 95% Frequency for last third of the song

X90.Bandwidth1

90% Bandwidth for first third of the song

X90.Bandwidth2

90% Bandwidth for middle third of the song

X90.Bandwidth3

90% Bandwidth for final third of the song

Peak.Freq1

Peak frequency (frequency with the greatest energy) of the first
third of the song

Peak.Freq2

Peak frequency (frequency with the greatest energy) of the
middle third of the song

Peak.Freq3

Peak frequency (frequency with the greatest energy) of the final
third of the song

Note.Slope1

Maximum note slope of the first third of the song

Note.Slope2

Maximum note slope of the middle third of the song

Note.Slope3

Maximum note slope of the final third of the song

Max.Power1

Max amplitude for the first third of the song

(table cont’d.)
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Variable name

Details

Max.Power2

Max amplitude for the middle third of the song

Max.Power3

Max amplitude for the final third of the song

Plum.PCs

Euclidean distance between individuals from a Principal
Components Analysis of plumage traits

Plum.pPCs

Euclidean distance between individuals from a phylogenetic
Principal Components Analysis of plumage traits

Av_quantum_catch_v

Average quantum-catch distance between all individuals across
all plumage patches

Av_f_quantum_catch_v

Average quantum-catch distance between females across all
plumage patches

Av_m_quantum_catch_v

Average quantum-catch distance between males across all
plumage patches

chrom.thro.v.female.weber Chromatic distance of the throat in females using the nonultraviolet visual system and weber fraction correction
chrom.thro.v.male.weber

Chromatic distance of the throat in males using the nonultraviolet visual system and weber fraction correction

chrom.brea.v.female.weber Chromatic distance of the breast in females using the nonultraviolet visual system and weber fraction correction
chrom.brea.v.male.weber

Chromatic distance of the breast in males using the nonultraviolet visual system and weber fraction correction

chrom.bell.v.female.weber

Chromatic distance of the belly in females using the nonultraviolet visual system and weber fraction correction

chrom.bell.v.male.weber

Chromatic distance of the belly in males using the non-ultraviolet
visual system and weber fraction correction

chrom.crow.v.female.weber Chromatic distance of the crown in females using the nonultraviolet visual system and weber fraction correction
chrom.crow.v.male.weber

Chromatic distance of the crown in males using the nonultraviolet visual system and weber fraction correction

chrom.back.v.female.weber Chromatic distance of the back in females using the nonultraviolet visual system and weber fraction correction
(table cont’d.)

239

Variable name

Details

chrom.back.v.male.weber

Chromatic distance of the back in males using the non-ultraviolet
visual system and weber fraction correction

chrom.rump.v.female.weber Chromatic distance of the rump in females using the nonultraviolet visual system and weber fraction correction
chrom.rump.v.male.weber

Chromatic distance of the rump in males using the non-ultraviolet
visual system and weber fraction correction

chrom.tail.v.female.weber

Chromatic distance of the tail in females using the non-ultraviolet
visual system and weber fraction correction

chrom.tail.v.male.weber

Chromatic distance of the tail in males using the non-ultraviolet
visual system and weber fraction correction

achro.thro.v.female.weber

Achromatic distance of the throat in females using the nonultraviolet visual system and weber fraction correction

achro.thro.v.male.weber

Achromatic distance of the throat in males using the nonultraviolet visual system and weber fraction correction

achro.brea.v.female.weber

Achromatic distance of the breast in females using the nonultraviolet visual system and weber fraction correction

achro.brea.v.male.weber

Achromatic distance of the breast in males using the nonultraviolet visual system and weber fraction correction

achro.bell.v.female.weber

Achromatic distance of the belly in females using the nonultraviolet visual system and weber fraction correction

achro.bell.v.male.weber

Achromatic distance of the belly in males using the nonultraviolet visual system and weber fraction correction

achro.crow.v.female.weber Achromatic distance of the crown in females using the nonultraviolet visual system and weber fraction correction
achro.crow.v.male.weber

Achromatic distance of the crown in males using the nonultraviolet visual system and weber fraction correction

achro.back.v.female.weber

Achromatic distance of the back in females using the nonultraviolet visual system and weber fraction correction

achro.back.v.male.weber

Achromatic distance of the back in males using the nonultraviolet visual system and weber fraction correction

achro.rump.v.female.weber Achromatic distance of the rump in females using the nonultraviolet visual system and weber fraction correction
(table cont’d.)
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Variable name

Details

achro.rump.v.male.weber

Achromatic distance of the rump in males using the nonultraviolet visual system and weber fraction correction

achro.tail.v.female.weber

Achromatic distance of the tail in females using the nonultraviolet visual system and weber fraction correction

achro.tail.v.male.weber

Achromatic distance of the tail in males using the non-ultraviolet
visual system and weber fraction correction
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Table C.2. Hybridizing suboscine species. Species pairs classified as forming hybrid zones
if hybrids detected with genetic or morphological methods from geographically
intermediate regions. This category includes species labeled as “gene flow”. One-off
hybrids refer to occasional hybridization across a broad region of overlap not
geographically intermediate. Reference literature listed in main text references.

Species 1
Pitta angolensis

Erythropitta
granatina
Casiornis rufus

Contopus pertinax

Species 2

Family

Pitta reichenowi

Pittidae

Erythropitta
venusta

Pittidae

Casiornis fuscus

Tyrannidae

Contopus sordidulus Tyrannidae

Contopus sordidulus Contopus virens

Tyrannidae

Classification Source
Decoux and Fotso
hybrid_zone 1988, McCarthy
2006, Billerman et al.
2020.
hybrid_zone Rozendaal 1994,
McCarthy 2006.
one_off

Ridgely and Tudor
1994, McCarthy
2006.

one_off

Phillips and Short
1967, McCarthy
2006.

Barlow and Rising
hybrid_zone 1965, McCarthy
2006, Manthey and
Robbins 2016.
Short and Burleigh
1965, McCarthy
2006.

Contopus sordidulus Empidonax traillii

Tyrannidae

one_off

Elaenia parvirostris Elaenia albiceps

Tyrannidae

hybrid_zone Traylor 1982,
McCarthy 2006.

(table cont’d.)
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Species 1
Elaenia albiceps

Species 2

Family

Elaenia pallatangae Tyrannidae

Empidonax difficilis Empidonax
occidentalis

Empidonax alnorum Empidonax traillii

Tyrannidae

Classification Source
Fjeldså and Krabbe
hybrid_zone 1990, McCarthy
2006.
Johnson 1980, Zink
and Johnson 1984,
hybrid_zone Johnson and Marten
1988, Johnson and
Cicero 2002,
McCarthy 2006, Linck
et al. 2019.
Stewart 1975, Seutin
and Simon 1988,
Winker 1994,
McCarthy 2006.

Tyrannidae

one_off

Empidonax
hammondii

Empidonax wrightii Tyrannidae

one_off

Phillips 1966,
McCarthy 2006.

Empidonax
hammondii

Empidonax
oberholseri

Tyrannidae

one_off

Phillips 1966,
McCarthy 2006.

Tyrannidae

one_off

Meise 1949,
McCarthy 2006.

Empidonomus varius Tyrannus
melancholicus
Myiarchus
cinerascens

Myiarchus nuttingi Tyrannidae

Myiarchus
tuberculifer

Myiarchus
swainsoni

Serpophaga
subcristata

Tyrannidae

Serpophaga munda Tyrannidae
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van Rossem 1945,
questionable Lanyon 1961,
McCarthy 2006.
gene_flow

Joseph et al. 2003,
McCarthy 2006.

Straneck 1993,
hybrid_zone McCarthy 2006,
Billerman et al. 2020,
but see Herzog 2001.

Species 1

Species 2

Family

Classification Source

Sublegatus obscurior Sublegatus
modestus

Tyrannidae

hybrid_zone Traylor 1982,
McCarthy 2006.

Suiriri suiriri

Tyrannidae

questionable Traylor 1982,
McCarthy 2006.

Suiriri affinis

Sirystes albogriseus Sirystes sibilator

Tyrannidae

Ridgely and Tudor
questionable 1994, McCarthy
2006.

Tyrannus
dominicensis

Tyrannus
caudifasciatus

Tyrannidae

one_off

Kale 1977, McCarthy
2006.

Tyrannus
dominicensis

Tyrannus
melancholicus

Tyrannidae

one_off

Billerman et al. 2020.

one_off

McGowan and Spahn
2004, McCarthy
2006.

Tyrannus couchii

Tyrannus couchii

Tyrannus forficatus Tyrannidae

Tyrannus
melancholicus

Tyrannidae

one_off

Friedmann et al.
1957, Traylor 1979,
Binford 1989,
McCarthy 2006.
Davis and Webster
1970, Bevier 1990,
Tyler and Parkes
1992, McCarthy
2006.

Tyrannus forficatus Tyrannus verticalis Tyrannidae

one_off

Tyrannus tyrannus

Tyrannus verticalis Tyrannidae

one_off

Brewer et al. 1991,
McCarthy 2006.

Tyrannus tyrannus

Tyrannus vociferans Tyrannidae

one_off

McCarthy 2006.
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Species 1
Antilophia galeata

Species 2

Family

Chiroxiphia caudata Pipridae

Classification Source
one_off

Pacheco and Parrini
1995, McCarthy
2006.
Marin and Hacket
2002, McCarthy
2006.

Ilicura militaris

Chiroxiphia caudata Pipridae

one_off

Heterocercus
linteatus

Pipra aureola

Pipridae

one_off

Manacus
aurantiacus

Manacus candei

Pipridae

questionable McCarthy 2006.

Manacus
aurantiacus

Manacus vitellinus Pipridae

questionable McCarthy 2006.

Parkes 1961,
McCarthy 2006.

Parsons et al. 1993,
Brumfield et al. 2001,
hybrid_zone Brumfield and Braun
2001, McCarthy
2006, Parchman et
al. 2013.

Manacus candei

Manacus vitellinus Pipridae

Manacus manacus

Manacus vitellinus Pipridae

hybrid_zone Haffer 1967,
McCarthy 2006.

Manacus manacus

Pipra aureola

one_off

Pipridae

Manacus manacus

Ceratopipra
erythrocephala

Pipridae

one_off

Manacus manacus

Pipra filicauda

Pipridae

one_off

Pipra aureola

Pipra filicauda

Pipridae
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one_off

Stotz 1993, McCarthy
2006.
Parkes 1961, Meyer
de Schauensee 1966,
McCarthy 2006.
Parkes 1961,
McCarthy 2006.
McCarthy 2006,
Parkes 1961, Haffer
1997.

Species 1

Species 2

Family

Classification Source

Pipra aureola

Pipra fasciicauda

Pipridae

one_off

Haffer 1997.

Lepidothrix coronata Lepidothrix serena Pipridae

one_off

Stotz 1993, McCarthy
2006.

Lepidothrix iris

Lepidothrix
nattereri

Pipridae

hybrid_zone Haffer 1997, Weir et
al. 2015, BarreraGuzman et al. 2018.

Lepidothrix
vilasboasi

Pipridae

gene_flow

Barrera-Guzman et
al. 2018.

Lepidothrix nattereri Lepidothrix
vilasboasi

Pipridae

gene_flow

Barrera-Guzman et
al. 2018.

Pipra fasciicauda

Pipra filicauda

Pipridae

one_off

Parkes 1961,
McCarthy 2006.

Dixiphia pipra

Pipra filicauda

Pipridae

one_off

Graves 1993,
McCarthy 2006.

Grallaria nuchalis

Grallaria ruficapilla Grallariidae

one_off

Cadena et al. 2007.

Anabacerthia
variegaticeps

Anabacerthia
striaticollis

questionable McCarthy 2006,
Winkler et al. 2020.

Lepidothrix iris

Asthenes
flammulata

Asthenes virgata

Furnariidae

Furnariidae

Ridgely and Tudor
questionable 1989, McCarthy
2006.

Asthenes fuliginosa Asthenes
griseomurina

Furnariidae

hybrid_zone Remsen 1981,
McCarthy 2006.

Asthenes sclateri

Asthenes wyatti

Furnariidae

hybrid_zone Herzog et al. 2016,
Billerman et al. 2020.

Cinclodes fuscus

Cinclodes olrogi

Furnariidae

questionable Nores 1986,
McCarthy 2006.
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Species 1

Species 2

Family

Classification Source

Cranioleuca
pyrrhophia

Cranioleuca
obsoleta

Furnariidae

Belton 1985,
hybrid_zone Claramunt 2002,
McCarthy 2006.

Dendrocolaptes
picumnus

Hylexetastes
stresemanni

Furnariidae

one_off

Campylorhamphus Campylorhamphus Furnariidae
trochilirostris
procurvoides
Hylexetastes
stresemanni

Hylexetastes
perrotii

McCarthy 2006,
Winkler et al. 2020.

questionable McCarthy 2006,
Winkler et al. 2020.

Furnariidae

questionable McCarthy 2006,
Winkler et al. 2020.

Lepidocolaptes
fuscicapillus

Lepidocolaptes
layardi

Furnariidae

hybrid_zone McCarthy 2006,
Winkler et al. 2020.

Lepidocolaptes
squamatus

Lepidocolaptes
falcinellus

Furnariidae

questionable McCarthy 2006,
Winkler et al. 2020.

Xiphorhynchus
erythropygius

Xiphorhynchus
triangularis

Furnariidae

questionable Aleixo 2002,
McCarthy 2006.

Xiphorhynchus
susurrans

Xiphorhynchus
elegans

Xiphorhynchus
guttatus

Furnariidae

Xiphorhynchus spixii Furnariidae

Myrmotherula
ignota

Myrmotherula
brachyura

Phlegopsis
nigromaculata

Phlegopsis
erythroptera

Phelps and Phelps
hybrid_zone 1948, McCarthy
2006, Winkler et al.
2020.
gene_flow

Weir et al. 2015,
Pulido-Santacruz et
al. 2018.

Meyer de
Thamnophilidae questionable Schauensee 1966,
McCarthy 2006.
Thamnophilidae one_off

(table cont’d.)

247

Graves 1992,
McCarthy 2006.

Species 1

Species 2

Family

Gymnopithys
leucaspis

Gymnopithys
rufigula

Thamnophilidae gene_flow

Naka et al. 2012.

Thamnophilidae one_off

Ridgely and Tudor
1994, Ridgely and
Greenfield 2001,
McCarthy 2006, Isler
and Whitney 2017.

Thamnistes
anabatinus

Hypocnemis
peruviana

Thamnistes
rufescens

Hypocnemis
subflava

Hypocnemis striata Hypocnemis
ochrogyna

Classification Source

Ridgely and Tudor
Thamnophilidae questionable 1994, McCarthy
2006, Tobias and
Seddon 2009.
Weir et al. 2015,
Thamnophilidae hybrid_zone Cronemberger et al.
2020.

Willisornis vidua

Willisornis
poecilinotus

Weir et al. 2015,
Thamnophilidae hybrid_zone Pulido-Santacruz et
al. 2018.

Rhegmatorhina
berlepschi

Rhegmatorhina
hoffmannsi

Thamnophilidae hybrid_zone Haffer 1997, Del-Rio
et al. in review.

Rhegmatorhina
gymnops

Rhegmatorhina
hoffmannsi

Thamnophilidae hybrid_zone Weir et al. 2015.
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Table C.3. Species removed from analyses due to dubious taxonomic validity,
considered extinct or likely so, or are found primarily on islands throughout their
distribution.

Species

Reason removed

Myrmotherula fluminensis

Dubious validity

Merulaxis stresemanni

Extinct

Cichlocolaptes mazarbarnetti

Extinct

Philydor novaesi

Extinct

Aphrastura masafuerae

Island species

Cranioleuca dissita

Island species

Pachyramphus niger

Island species

Anairetes fernandezianus

Island species

Nesotriccus ridgwayi

Island species

Myiopagis cotta

Island species

Elaenia ridleyana

Island species

Elaenia martinica

Island species

Elaenia fallax

Island species

Contopus caribaeus

Island species

Contopus pallidus

Island species

Contopus hispaniolensis

Island species

Contopus latirostris

Island species

Myiarchus barbirostris

Island species
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Species

Reason removed

Myiarchus magnirostris

Island species

Myiarchus nugator

Island species

Myiarchus validus

Island species

Myiarchus sagrae

Island species

Myiarchus stolidus

Island species

Myiarchus antillarum

Island species

Myiarchus oberi

Island species

Tyrannus caudifasciatus

Island species

Tyrannus cubensis

Island species
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Figure C.1. Visualization of spectrophotometric plumage data. A) Spherical
representation of all plumage patches from New World suboscines. Data are shown for
a tetrahedral colorspace, i.e. including ultraviolet, long, medium, and short wavelength
cone receptors. Colors are converted to an approximate RGB colorspace for
visualization. B) Exemplar reflectance curves for seven plumage patches from male
Pyrocephalus rubinus. Curves for each plumage patch are averaged across individuals.
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Figure C.2. PCA of spectrophotometric plumage data for all New World suboscines.
Outlier species are labeled.
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Figure C.3. Variable loadings for PCA of spectrophotometric plumage data for all New
World suboscines. Note perfect division in loadings between ventral (upper right) and
dorsal (lower right) plumage patches, regardless of sex.
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Figure C.4. PCA of morphometric data for all suboscines. Outlier species are labeled.
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Figure C.5. Variable loadings for PCA of morphometric data for all suboscines.
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Figure C.6. PCA of song data for all suboscines. Outlier species are labeled.
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Figure C.7. Variable loadings for PCA of song data for all suboscines.

257

Figure C.8. Divergence time of hybridizing suboscine species pairs. Divergence times
(“mrca_age”; units are in million-years) obtained from a species-level dated phylogeny
of all suboscine passerines (Harvey et al. 2020). Hybrids categorized as forming hybrid
zones or occasional “one-off” hybrids from a comprehensive literature search (see
Methods).
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Figure C.9. Waiting times to syntopy, allotopy, and sympatry across suboscine families.
In all cases a sympatry threshold of 20% and syntopy threshold of 10% were used.
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Figure C.10. Hazard ratios for select morphometric trait covariates on multi-state
Markov (msm) models of sympatry waiting times. Independent msm models were run
for each trait and each threshold used to define species as sympatric. Hazard ratios
greater than 1 indicate that trait dissimilarity decreases waiting times, while hazard
ratios less than 1 indicate that trait dissimilarity increases waiting times. Traits with a
significant effect on waiting times are those with 95% confidence intervals that do not
overlap 1, indicated by the vertical dashed line.

260

Figure C.11. Hazard ratios for song trait covariates on multi-state Markov (msm) models
of sympatry waiting times. Select song traits displayed, mostly those measuring traits
across the entire song, rather than measures of variance or portions of a song (see
Table C.1). Independent msm models were run for each trait and each threshold used
to define species as sympatric. Hazard ratios greater than 1 indicate that trait
dissimilarity decreases waiting times, while hazard ratios less than 1 indicate that trait
dissimilarity increases waiting times. Traits with a significant effect on waiting times are
those with 95% confidence intervals that do not overlap 1; the vertical dashed line.
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Figure C.12. Hazard ratios for dorsal plumage patches as covariates on multistate Markov (msm) models of sympatry waiting times. Achromatic measures
on the left and chromatic measures on the right. Independent msm models
were run for each trait and each threshold used to define species as sympatric.
Hazard ratios greater than 1 indicate that trait dissimilarity decreases waiting
times, while hazard ratios less than 1 indicate that trait dissimilarity increases
waiting times. Traits with a significant effect on waiting times are those with
95% confidence intervals that do not overlap 1, indicated by the vertical
dashed line. Data shown for males only, but data from females did not differ
qualitatively across all suboscines (shown here). Tail not shown due to space
constraints, but closely mirrored results from the rump patch.
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Figure C.13. Hazard ratios for ventral plumage patches as covariates on multi-state
Markov (msm) models of sympatry waiting times. Achromatic measures on the left and
chromatic measures on the right. Independent msm models were run for each trait and
each threshold used to define species as sympatric. Hazard ratios greater than 1
indicate that trait dissimilarity decreases waiting times, while hazard ratios less than 1
indicate that trait dissimilarity increases waiting times. Traits with a significant effect on
waiting times are those with 95% confidence intervals that do not overlap 1, indicated
by the vertical dashed line. Data shown for males only, but data from females did not
differ qualitatively across all suboscines (shown here).
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Table C.4. This caption applies to all family-level tables below. Traits with a significant effect on waiting times to
sympatry, syntopy, and allotopy. In all cases a sympatry threshold of 0.2 was used. For separating syntopy and allotopy,
a threshold of 0.1 was used. Significance assessed by whether 95% confidence intervals of hazard ratios included 1.0.
Traits are grouped first by summary traits, then by individual morphometrics, song, and plumage traits, with sections
denoted by horizontal dashed lines. AICc weights calculated from models within each dashed line section only. Within
categories, traits are grouped by similarity, e.g. song traits grouped by measures of frequency, duration, and slope.
Traits with no effect on waiting times and those with hazard ratio confidence intervals greater than 50 are not shown.
See Table C.1 for explanation of trait variables.
Cotingidae:
Sympatry
Syntopy
Allotopy
Trait

Hazard
Ratio

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

Note.Rate

3.81

6.9

0.01

2.38

6.3

0.014

Duration.1st.note

6.54

1.9

0.09

2.83

5.2

0.025

Duration.Final.Note

9.60

0.087

0.22

3.21

4.4

0.036

Duration.longest.note

9.62

0.0

0.23

3.03

5.0

0.028

Duration.middle.note

9.09

0.62

0.17

2.77

5.8

0.019

Note.Length.Average

7.47

1.3

0.12

2.67

5.9

0.017

Max.Note.Slope

5.79

0.0

0.33

Note.Slope.Average

4.80

2.2

0.11

Note.Slope.2.Average

9.48

2.2

0.08
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Hazard
Ratio

ΔAICc

AICc
weight

Cotingidae:

Sympatry

ΔAICc

AICc
weight

Note.Slope.first.note

5.30

1.2

0.18

Note.Slope.middle.note

5.07

2.2

0.11

Note.Slope.final.note

5.05

2.3

0.10

3.07

5.8

0.019

Note.Slope.2.Max

9.80

ΔAICc

1.6

AICc
weight

Allotopy

Hazard
Ratio

Trait

Hazard
Ratio

Syntopy

0.10
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Hazard
Ratio

ΔAICc

AICc
weight

Furnariidae:

Sympatry

Trait

Hazard
Ratio

morph.PCs

Syntopy

ΔAICc

AICc
weight

Hazard
Ratio

1.31

2.3

0.24

morph.pPCs

1.02

0.0

morph.mahalanobis

1.20

7.4

Allotopy

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

1.63

0.0

0.72

1.36

2.5

0.21

0.75

1.03

4.9

0.062

1.03

0.0

0.73

0.018

1.40

9.9

0.0050

1.31

5.1

0.056

song.PCs

1.08

3.9

0.10

song.pPCs

1.02

3.8

0.11

6.66

0.0

0.86

3.48

8.5

0.013
5.47

4.4

0.098

7.91

0.0

0.90

Tail.Length

4.60

2.3

0.13

Hand.Wing.Index

3.25

4.6

0.039

Kipps.Distance

4.08

0.0

0.40

Bill.TotalCulmen
Bill.Nares

3.38

4.5

0.042

Bill.Depth

10.47

0.60

0.29

Bill.Width

7.88

2.6

0.11

Song.Max.Freq

7.76

3.9

0.12

2.18

13.9

0.00080
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Furnariidae:

Sympatry

ΔAICc

AICc
weight

Song.Min.Freq

3.25

10.9

0.0041

Song.Peak.Freq

3.42

14.1

0.00086

3.42

11.6

0.0029

Song.Min.Freq.5

2.21

ΔAICc

12.0

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

Allotopy
Hazard
Ratio

Trait

Hazard
Ratio

Syntopy

0.0022

Song.Max.Freq.95

2.54

12.0

0.0020

2.74

15.6

0.00040

X95.Freq1

2.83

0.0

0.92

2.84

0.0

0.83

2.91

12.3

0.0021

X95.Freq2

2.05

5.1

0.071

2.47

3.9

0.12

2.67

13.4

0.0012

3.11

0.0

0.98

3.43

11.5

0.0032

X95.Freq3
Max.Freq.1st.note

2.34

11.8

0.0026

Max.Freq.Final.Note

2.59

9.2

0.0084

1.98

15.1

0.00044

2.35

12.7

0.0015

Max.freq.middle.note

2.05

14.0

0.00085

Note.5.Freq

2.05

13.2

0.0012

Note.95.Freq

2.33

12.8

0.0015

2.69

10.6

0.0042

2.85

15.1

0.00052

Note.Max.Freq.Average

2.40

11.7

0.0027

2.72

9.5

0.0072

2.80

14.9

0.00058
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Furnariidae:

Sympatry

ΔAICc

AICc
weight

2.92

13.0

0.0015

3.12

14.4

0.00072

achro.back.v.female

6.35

2.4

0.048

achro.back.v.male

6.35

2.4

0.048

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

Allotopy
Hazard
Ratio

Trait

Hazard
Ratio

Syntopy

Note.Min.Freq.Average
Note.Peak.Freq.Average

2.20

13.7

0.00096

2.09

14.9

0.00047

Song.Duration.sec

1.56

13.2

0.0013

1.97

9.9

0.0058

Note.Count

1.56

14.6

0.00054

Note.Slope.Ch1

1.79

6.8

0.028

chrom.rump.v.female

3.64

5.4

0.028

chrom.rump.v.male

3.64

5.4

0.028

chrom.tail.v.female

2.90

8.4

0.0062

chrom.tail.v.male

2.90

8.4

0.0062

achro.thro.v.female

2.87

4.6

0.041

2.51

0.18

0.24

3.74

0.035

0.16

achro.thro.v.male

2.87

4.6

0.041

2.51

0.18

0.24

3.74

0.035

0.16
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Furnariidae:

Sympatry

Syntopy

Trait

Hazard
Ratio

ΔAICc

AICc
weight

chrom.brea.v.female

2.28

8.5

chrom.brea.v.male

2.28

chrom.bell.v.female

Hazard
Ratio

Allotopy
Hazard
Ratio

ΔAICc

AICc
weight

0.0059

5.80

0.0

0.16

8.5

0.0059

5.80

0.0

0.16

6.31

0.0

0.42

3.95

0

0.26

5.28

0.31

0.14

chrom.bell.v.male

6.31

0.0

0.42

3.95

0

0.26

5.28

0.31

0.14

Grallariidae:

Sympatry

ΔAICc

AICc
weight

Syntopy

Trait

Hazard
Ratio

ΔAICc

AICc
weight

Body.mass.log

0.0

51.1

1.0

Freq.Change.1

0.0

1.10

0.29

Hazard
Ratio

ΔAICc

Allotopy
AICc
weight

Song.Duration.sec
Dur.Change.2

6.12

0.0

0.50

Note.Slope.Ch2

6.34

1.77

0.21

6.54

0.0
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1.0

Hazard
Ratio

ΔAICc

AICc
weight

0.17

0.0

1.0

Pipridae:

Sympatry

Trait

Hazard
Ratio

morph.pPCs
morph.mahalanobis

Syntopy

Allotopy

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

1.13

0.0

0.99

1.16

18.3

5.6E-05

3.34

9.68

0.0079

4.39

30.8

1.1E-07

song.PCs

1.65

0.0

0.52

song.pPCs

1.18

0.15

0.48

Note.Bandwidth.Average

5.75

33.1

6.6E-08

4.37

36.4

1.2E-08

Song.Duration.sec

2.39

33.4

5.5E-08

2.62

34.3

3.4E-08

Dur.change.1

3.12

0.0

0.999

3.52

5.45

0.061

Duration.longest.note

2.83

32.3

9.5E-08
4.38

0.0

0.94

Duration.longest.pause
Song2.Note2.rate

3.31

30.6

2.3E-07

chrom.crow.v.male

4.43

1.63

0.22

achro.brea.v.male

4.82

1.03

0.29

achro.bell.v.male

5.94

0.0

0.49
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Hazard
Ratio

ΔAICc

AICc
weight

Rhinocryptidae:

Sympatry

ΔAICc

AICc
weight

plum.PCs

0.77

0.0

0.39

plum.pPCs

0.11

0.44

0.31

av.f.quantum.catch.v

0.002

0.56

0.30

4.80

15.3

0.00047

ΔAICc

AICc
weight

Allotopy

Hazard
Ratio

Trait

Hazard
Ratio

Syntopy

Song.Min.Freq

5.51

10.4

0.0029

Song.Min.Freq.5

5.39

10.1

0.0033

X95.Freq3

5.93

0.0

0.52

Max.freq.middle.note

5.29

10.2

0.0033

Note.5.Freq

6.34

10.6

0.0026

Note.95.Freq

5.76

10.2

0.0032

Note.Max.Freq.Average

6.09

9.79

0.0039

Note.Min.Freq.Average

8.26

9.25

0.0051

Note.Peak.Freq.Average

5.80

10.5

0.0027

Note.Bandwidth.90

3.90

9.74

0.0040
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Hazard
Ratio

ΔAICc

AICc
weight

0.0

0.0

0.999

Rhinocryptidae:
Trait

Sympatry
Hazard
Ratio

ΔAICc

Syntopy
AICc
weight

Note.rate1

Allotopy

Hazard
Ratio

ΔAICc

AICc
weight

0.18

0.0

0.999

Pause.Length.Average
Max.Power2

0.0

0.30

chrom.back.v.female

0.005

5.38

0.053

chrom.rump.v.female

0.0

3.04

0.17

chrom.tail.v.female

0.0

0.0

0.78

chrom.tail.v.male

0.001

19.8

3.8E-05

0.002

achro.thro.v.male
0.067

20.9

ΔAICc

AICc
weight

6.74

0.0

1.0

0.009

2.82

0.13

0.0

1.23

0.29

0.001

5.78

0.030

0.0

0.0

0.54

0.45

achro.back.v.female

achro.bell.v.male

Hazard
Ratio

2.3E-05

272

0.0

1.0

Thamnophilidae:

Sympatry

Syntopy

Allotopy

Trait

Hazard
Ratio

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

morph.PCs

2.24

17.74

9.6E-05

2.06

24.97

2.1E-06

3.21

3.55

0.076

morph.pPCs

1.05

14.58

4.6E-04

1.05

21.60

1.1E-05

1.08

3.82

0.066

morph.mahalanobis

1.29

28.99

3.4E-07

plum.PCs

1.18

0.0

0.68

1.16

0.0

0.55

1.21

0.16

0.41

plum.pPCs

2.82

1.50

0.32

2.90

0.38

0.45

3.92

0.0

0.45

Song.Peak.Freq

7.29

15.21

4.6E-04

Song.Max.Freq.95

7.28

15.43

4.1E-04

X95.Freq2

5.57

15.28

4.5E-04

Max.freq.middle.note

10.74

9.41

0.0084

Song.Bandwidth

2.38

16.04

3.1E-04

Note.95.Freq

7.90

13.00

0.0014

3.69

5.47

0.031

9.17

0.0

0.66

Note.Max.Freq.Average

11.16

10.20

0.0056

4.36

4.50

0.050

Note.Peak.Freq.Average

4.57

16.53

2.4E-04
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Thamnophilidae:

Sympatry

Trait

Hazard
Ratio

Note.Bandwidth.90

Syntopy

Allotopy

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

4.98

6.25

0.041

2.21

4.85

0.042

Note.Bandwidth.Average

3.46

12.15

0.0021

Song.Duration.sec

2.65

13.74

9.6E-04

2.76

0.0

0.48

Dur.Change.2

3.60

11.01

0.0038

Max.Note.Slope

1.90

13.04

0.0014

1.66

3.89

0.068

Note.Slope.Average

1.88

14.31

7.3E-04

1.70

4.33

0.055

Note.Slope.2.Average

1.89

14.49

6.6E-04

Note.Slope.first.note

1.86

14.12

8.0E-04

1.77

2.89

0.11

Note.Slope.middle.note

1.87

13.90

8.9E-04

Note.Slope.final.note

2.15

13.07

0.0013

1.75

4.82

0.043

Note.Slope.2.Max

1.86

13.72

9.7E-04

Note.Slope1

1.80

15.10

4.9E-04

1.81

2.69

0.12

Note.Slope2

1.71

16.05

3.0E-04
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Hazard
Ratio

ΔAICc

AICc
weight

3.33

1.36

0.34

Thamnophilidae:

Sympatry

Syntopy

Trait

Hazard
Ratio

ΔAICc

AICc
weight

Note.Slope3

2.21

0.0

0.93

Allotopy

Hazard
Ratio

ΔAICc

AICc
weight

achro.crow.v.male

3.38

24.44

4.9E-06

chrom.crow.v.female

3.45

25.45

3.0E-06

achro.rump.v.female

5.79

24.47

4.8E-06

achro.rump.v.male

2.63

24.77

4.2E-06

achro.tail.v.female

13.66

18.16

1.1E-04

achro.tail.v.male

3.31

8.55

0.010

4.98

22.05

1.6E-05

chrom.tail.v.female

3.10

18.55

6.8E-05

3.80

26.51

1.7E-06

achro.thro.v.female

3.00

17.83

9.8E-05

3.78

21.79

1.9E-05

achro.thro.v.male

4.12

2.15

0.25

4.34

12.25

0.0022

chrom.thro.v.female

2.63

28.71

5.8E-07

achro.brea.v.female

2.65

26.86

1.5E-06

8.65

0.0

0.998

2.57

23.27

8.8E-06

achro.brea.v.male

4.81

0.0

0.73

chrom.brea.v.male

3.52

8.32

0.011

achro.bell.v.male
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Hazard
Ratio

ΔAICc

AICc
weight

6.32

0.0

0.75

6.54

2.22

0.25

Tityridae:

Sympatry

Trait

Hazard
Ratio

morph.pPCs
Range.Size

Syntopy

ΔAICc

AICc
weight

Hazard
Ratio

1.13

0.0

1.0

1.14

0.29

0.0

1.0

Note.Slope.2.Average 5.41

0.0

0.53

Note.Slope.2.Max

0.24

0.47

5.22
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Allotopy

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

0.0

1.0

1.20

0.0

1.0

Tyrannidae:

Sympatry

Syntopy

Allotopy

Trait

Hazard
Ratio

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

Hazard
Ratio

ΔAICc

AICc
weight

morph.PCs

1.83

0.0

0.65

1.90

98.5

2.6E-22

3.75

38.9

1.9E-09

morph.pPCs

1.04

1.20

0.35

1.04

100.5

9.5E-23

1.08

40.7

7.5E-10

song.PCs

1.11

1.09

0.36

1.20

0

0.53

song.pPCs

1.04

0

0.62

1.07

0.23

0.47

plum.PCs

1.11

6.21

0.028

5.21

14.9

5.7E-04

Bill.Width

6.68

15.0

5.5E-04

Range.Size

0.71

0.0

0.999

0.58

0.0

1.0

2.63

45.1

1.6E-10

X95.Freq2

2.53

45.1

1.6E-10

X95.Freq3

3.99

0.0

1.0

1.96

100.3

1.7E-22

Tail.Length

X95.Freq1

5.54

2.48

0.0

0.0

1.0

1.0

Max.Freq.1st.note

2.26

68.0

1.7E-15

Song.Duration.sec

1.87

62.1

3.3E-14
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Tyrannidae:

Sympatry

Syntopy

Trait

Hazard
Ratio

ΔAICc

AICc
weight

Note.Rate

1.45

68.2

1.6E-15

Hazard
Ratio

ΔAICc

AICc
weight

Note.rate1

3.65

10.9

0.00408190
2

Note.rate2

2.71

15.6

4.0E-04

Dur.Change.2

2.07

16.9

2.1E-04

Song1.Note1.rate

1.81

34.0

4.0E-08

Note.Slope1

5.08

7.05

0.029

Note.Slope2

2.38

17.6

1.5E-04

Note.Slope3

3.21

0

0.97

achro.crow.v.female
achro.crow.v.male

2.20

chrom.crow.v.female 3.44
chrom.crow.v.male

Hazard
Ratio

Allotopy

ΔAICc

AICc
weight

4.10

4.46

0.080

8.60

0.011

5.43

0.0

0.74

0.0

0.84

4.10

3.47

0.13

3.27

7.39

0.018
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Tyrannidae:
Trait

Sympatry
Hazard
Ratio

ΔAICc

Syntopy
AICc
weight

Hazard
Ratio

ΔAICc

Allotopy
AICc
weight

achro.back.v.female
achro.back.v.male

3.61

8.58

0.011

4.01

9.19

0.0075

achro.rump.v.female

3.25

9.95

0.0051

achro.rump.v.male

4.14

7.82

0.015

chrom.bell.v.female 0.32

4.06

0.11

chrom.bell.v.male

6.75

0.029

0.25

279

Hazard
Ratio

ΔAICc

AICc
weight

6.53

0.0

1.0
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